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ABSTRACT 
Enhanced mass transport in carbon-based nanoscale conduits (e.g. carbon nanotubes, 
graphene nanochannels/capillaries, graphene/graphene oxide membranes) has attracted 
tremendous interest over the last decade due to its significant implications for water 
desalination/purification, nanofiltration, electronic cooling, battery/fuel cells, and lab-on-
a-chip. Further development of carbon-based nanoscale conduits for practical applications 
relies on understanding fundamental mechanisms of transport through individual conduits, 
which have not been well studied due to challenges in fabrication and measurement.  In 
this thesis, the construction of two-dimensional planar graphene nanochannel devices and 
the studies of enhanced water and ion transport inside the graphene nanochannels are 
reported for the first time. 
The graphene nanochannels are fabricated by conformally covering high-quality graphene 
on the surfaces of silica nanochannels. A new fabrication scheme consisting of graphene 
wet transfer, graphene patterning and vacuum anodic bonding is developed to create such 
graphene nanochannels with heights ranging from 24 to 124 nm. 
  vii 
Using these nanochannels and a new hybrid nanochannel based capillary flow 
measurement technique, we successfully measured the hydraulic resistance (water 
permeability) of single graphene nanochannels. Our results demonstrate that the 
frictionless surface of graphene induces a boundary slip and enhances water flow inside 
the graphene nanochannel. The measured slip length of graphene in the graphene 
nanochannels poses a median value around 16 nm, albeit with a large variation from 0 to 
200 nm regardless of the channel height. The small-yet-widely-varying values of the 
graphene slip length are attributed to the surface charge of graphene and the interaction 
between graphene and underneath silica substrate, which are in good agreement with the 
prediction of our molecular dynamics (MD) simulation.  
In addition, we also investigated enhanced ion transport inside the graphene nanochannels. 
Higher electroosmotic conductance at low electrolyte concentrations (10-6 M~10-2 M) is 
observed in graphene nanochannels when compared with silica nanochannels with the 
same geometry. Our results suggest that the enhanced electroosmotic flow is also due to 
the boundary slip at the graphene/electrolyte interface. Besides, our analysis shows that the 
surface charge on the graphene, originating from the dissociation of oxygen-containing 
functional groups, is crucial to the enhanced electroosmotic flow inside nanochannels. 
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CHAPTER ONE: INTRODUCTION 
1.1 Emerging of Carbon Nanofluidics 
Carbon nanofluidics is an emerging field studying fluid behavior and manipulation inside 
nanoscale conduits made of sp2 carbon (graphitic) materials including carbon nanotubes 
and graphene/graphene oxide (Guo et al. 2015, Noy et al. 2007, Park and Jung 2014). This 
new sub-area of nanofluidics has attracted great attention over the last decade because of 
various unique transport phenomena such as fast water transport (Hinds et al. 2004, Holt 
et al. 2006, Huang et al. 2013, Sun et al. 2015), ultrahigh gas permeability and selectivity 
(Holt et al. 2006, Kim et al. 2013, Li et al. 2013) as well as precise and ultrafast ion sieving 
(Joshi et al. 2014, Lozada-Hidalgo et al. 2016). These transport phenomena arise from the 
atomically-smooth hydrophobic graphitic surface and the nanoscale confinements and 
have led to potential applications of carbon nanofluidic structures in a variety of 
technological areas including water purification/desalination (Cohen-Tanugi and 
Grossman 2012, Corry 2008, Das et al. 2014, Surwade et al. 2015), carbon sequestration 
(Celebi et al. 2014, Kim et al. 2013), oil extraction/separation (Shi et al. 2013), and energy 
storage/conversion (Frackowiak and Béguin 2001, Jones and Bekkedahl 1997, Liu et al. 
1999). 
 
1.2 Carbon Nanofluidic Structures 
Currently, vertically aligned carbon nanotube (CNT) membranes (Hinds et al. 2004, Holt 
et al. 2006, Majumder et al. 2005) and graphene oxide (GO) membranes (Cheng et al. 
2016, Huang et al. 2013, Joshi et al. 2014, Kim et al. 2013, Lozada-Hidalgo et al. 2016, 
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Sun et al. 2015) are the most-studied carbon nanofluidic structures due to their relatively 
easy synthesis process. These membrane structures consist of numerous parallel individual 
conduits. The structures significantly increase the signal (mass flow rate, ionic 
conductance, etc.) strength of mass transport measurement and allow researchers to 
determine the mass transport in nanoscale conduit down to molecular level. However, 
among the enhanced transport measured in these carbon nanofluidic membrane structures, 
there is still a continuing debate on the fundamental physics due to the huge variation of 
experimental results (Hinds et al. 2004, Holt et al. 2006, Huang et al. 2013, Sun et al. 
2015). In fact, for the nanoscale conduits inside membrane structures, the feature size and 
the total quantities of the conduits are completely based on statistical estimation. The 
inaccuracies of estimation will be significantly magnified with the aggregation of 
numerous individual conduits and thus lead to huge inaccuracies in the results of the 
membrane structures. In contrary, single channel platform can avoid the complexities 
introduced by statistical estimation, thus allowing more accurate measurements and better 
understanding of the correlation between transport phenomena and properties of 
geometrical structures. Therefore, single nanoscale conduits such as single carbon 
nanotubes (CNTs) and single graphene nanochannels (GNCs) are better candidates to 
provide more fundamental understanding of the transport mechanism inside carbon 
nanofluidic conduits, which enables the development of better carbon nanofluidic 
membranes for industrial applications. 
On the other hand, it is very difficult to integrate the membrane structures into existing 
planar micro/nanofluidic platforms, which prevents the utilization of carbon nanofluidic 
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structures in lab-on-a-chip (LOC) systems. The planar micro/nanofluidic platform is a 
well-developed technology in recent decade (Abgrall and Gué 2007, Duan et al. 2013) . It 
can provide important functions including pumping, sensing, separation and energy 
harvesting for LOC system and can be used to explore the transport mechanism inside the 
carbon nanofluidic structures. In addition, the micro/nanofluidic platform can also 
significantly benefit from the unique transport in carbon nanofluidics and achieve much 
better performance. Taking power-generation by pressure-driven ion transport in 
nanofluidic channel as an example, the energy conversion efficiency could be improved by 
more than one order of magnitude (from less than 3% to 40%) if replacing no-slip 
nanochannel walls with slippery graphitic walls (Ren and Stein 2008, Yan et al. 2013). 
 
1.3 Individual Carbon Nanofluidic Structures 
Horizontally aligned CNTs, which is amenable to integration with other micro/nanofluidic 
components, have been employed to create the first and the only available carbon 
nanofluidic structures for LOC system. Researchers focusing on this platform have 
observed strong electrokinetic flow inside CNTs and quantitatively investigated the 
structure-property correlations (Choi et al. 2013, Lee et al. 2010, Liu et al. 2010, Pang et 
al. 2011, Secchi et al. 2016), including CNT diameter, electronic type of CNTs, solution 
pH, and barrier materials. Besides, transient response of fluid flow inside CNTs, such as 
DNA translocation (Liu et al. 2010) and pore-blocking induced by ions (Choi et al. 2013, 
Lee et al. 2010) were also observed based on this single channel platform, while all these 
stochastic events would be eliminated in membrane structures.  
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Sharing similar surface properties and nanoscale confinements with single CNTs, single 
GNCs are expected to exhibit similar influence on fluidic transport compared to their 1-D 
counterpart CNTs. This hypothesis has been partially verified by densely-packed graphene 
nanochannels of ~1 nm in height in GO membranes, since they exhibit similar transport 
phenomena to those in CNT membranes (Cheng et al. 2016, Huang et al. 2013, Raidongia 
and Huang 2012). Also, two-dimensional planar structures in GNCs could offer us a 
micrometer scale window to visually observe transport phenomena, which can only be 
observed under an electron microscope for the single CNT platform (Mattia et al. 2007, 
Rossi et al. 2009, Rossi et al. 2004). Moreover, the nature of 2-D planar structure allows 
for the fabrication of the graphene nanochannels that are well defined in geometry and 
compatible with other micro/nanofluidic components. Consequently, GNC-based carbon 
nanofluidic devices, once facile fabrication methods are established and transport 
properties are well characterized, would really pave the way for extending carbon 
nanofluidics knowledge into LOC systems.  
 
1.4 Scope of the Work 
The objective of this thesis is to develop the fabrication of individual graphene nanochannel 
and experimentally investigate the fundamental transport mechanism inside the graphene 
nanochannel. In Chapter 2, we will introduce the theoretical background of the mass 
transport mechanism in nanofluidic channels and discuss the importance of the channel 
wall surface in affecting the transport phenomena under nanoscale confinement. In Chapter 
3, we will discuss the fabrication technique of two-dimensional planar graphene 
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nanochannel devices and the characterization of individual graphene nanochannel. 
Graphene wet transfer and vacuum anodic bonding are combined with the traditional 
MEMS fabrication process to create planar nanochannels with graphene-coated surfaces. 
The geometry of each graphene nanochannel can be precisely controlled by nanochannel 
etching and photolithography, which are essential to the fundamental studies of transport 
phenomena inside nanoscale graphitic conduits. In Chapter 4, we will study the transport 
of water inside graphene nanochannels using a hybrid graphene-silica nanochannel 
scheme. Capillary filling inside the hybrid nanochannel is performed and the flow 
resistance ratio between the graphene nanochannel and the silica nanochannel are 
calculated. This hybrid nanochannel scheme allows us to accurately measure the flow 
resistance inside graphene nanochannel without assuming the driving pressure. The slip 
length of planar graphene in graphene nanochannels are extracted for the first time. In 
Chapter 5, we will describe a study of ion transport inside our graphene nanochannels. 
Ionic conductance of our graphene nanochannels filled with different electrolyte solutions 
are recorded and compared with regular silica nanochannels. A model is also built to 
understand the electrokinetic flows inside the graphene nanochannels. Surface charge 
density that give rise to the enhanced ion transport is quantified. In Chapter 6, a brief 
summary is made and related future work is presented. 
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CHAPTER TWO: THEORETICAL BACKGROUND 
This chapter discusses the theoretical background for mass transport inside nanofluidic 
channels. In section 2.1, we use classical fluid dynamics to describe the water flow 
behavior in nanochannels. Capillary pressure is introduced to drive the water under 
nanoscale confinement and the hydraulic resistance of nanochannel is derived. The slip at 
the water/wall interface is also discussed regarding its contribution to enhanced water 
transport. In section 2.2, we discuss the ion transport in nanochannels under electric field. 
We use Poisson-Boltzmann equation to describe the ionic concentration distribution inside 
nanochannels and explain the electrokinetic flow induced by external electric field.  
 
2.1 Water Transport in Nanofluidic Channels 
Water transport in nanofluidic channels can be driven by applying mechanical forces such 
as external pressure, interfacial forces (capillary flow), coulomb forces (electroosmotic 
flow), and magnetic forces (magnetohydrodynamic flow). It can also be driven under an 
internal chemical potential difference such as evaporation, osmosis, etc (Xie et al. 2017). 
However, for a given nanofluidic channel, whatever the actuation source of water motions, 
the hydraulic resistance (permeability) is fixed as it is only related to the channel 
geometries, water properties and the interaction between water and the channel wall 
surface.  
Generally, water flow inside the nanochannel is considered as incompressible laminar flow 
because of small Mach number and Reynolds number. For a nanochannel with constant 
cross section shape, the flow inside can be described based on Poiseuille’s law: 
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𝑄 = ∫𝑢⁡𝑑𝐴 =
∆𝑃
𝑅
 (2.1) 
Here, 𝑄 is the flowrate of the nanochannel. 𝑢 is the water velocity inside the nanochannel. 
𝐴  is the cross section area. ∆𝑃  is the applied pressure difference between ends of 
nanochannel. 𝑅  is the hydraulic resistance. It is worth mentioning that the hydraulic 
resistance becomes significantly huge upon system down-scaling due to its strong 
correlation to geometries. Consequently, the pressure required to maintain the flowrate 
within nanochannel becomes enormous as well. Since detectable flowrate is needed to 
investigate the water transport in nanochannel, the water pumping inside nanochannels 
becomes one of the challenges in nanofluidic studies. To overcome this challenge, 
interfacial forces has been broadly used in pumping inside nanochannels due to its 
dominance with downscaling (Shui et al. 2007).  
 
2.1.1 Interfacial Forces and Capillary Pressure 
When a water droplet contacts a solid surface, the interfacial forces between solid (S), 
liquid (L), and gas (G) phases can set up the shape of the droplet where interfacial force 
equilibrium is formed (Figure 2.1). The equilibrium contact angle (𝜃) can be determined 
by Young’s equation: 
𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 cos 𝜃 (2.2) 
𝛾𝑆𝐺, 𝛾𝑆𝐿 and 𝛾𝐿𝐺 represent the interfacial forces at solid/gas, solid/liquid, liquid/gas phase, 
respectively. Based on the magnitude of 𝛾𝑆𝐺 and 𝛾𝑆𝐿, the surface can be defined as either 
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hydrophobic or hydrophilic. If 𝛾𝑆𝐺 < 𝛾𝑆𝐿, 𝜃 > 90°, the surface is hydrophobic; if 𝛾𝑆𝐺 >
𝛾𝑆𝐿, 𝜃 < 90°, the surface is hydrophilic.  
 
 
Figure 2.1 Interfacial forces and surface wettability. (a) A droplet on a hydrophobic 
surface. (b) A droplet on a hydrophilic surface. (c)(d) Capillary rise/drop induced by 
pressure inside vertical hydrophobic/hydrophilic capillary. 
 
Inside the capillary, a curved water/air interface is formed associated with the interfacial 
forces. This curved interface will exert a capillary pressure across the interface, which can 
be described by Young-Laplace equation. 
∆𝑝𝑐𝑎𝑝 = 𝛾𝐿𝐺⁡(
1
𝑅1
+
1
𝑅2
) (2.2) 
𝑅1  and 𝑅2  are the principal radii of curvature. If the surface of capillary wall is 
hydrophobic, the capillary pressure across the water/air interface is negative (opposing 
water from entering capillary) due to a negative curvature. Similarly, if the surface of 
capillary wall is hydrophilic, the capillary pressure across the water/air interface is positive 
(driving water into capillary). This phenomenon can be easily observed from the capillary 
drop/rise inside vertical hydrophobic/hydrophilic capillaries (Figure 2.2).  
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Figure 2.2 Capillary drop/rise induced by pressure inside vertical hydrophobic/hydrophilic 
capillary. 
 
It should be noted that the principal radii of curvature is proportional to the confinement of 
nanochannel and the exerted capillary pressure is inversely proportional to the confinement. 
Hence, the capillary pressure becomes more dominant with downscaling and is suitable for 
water pumping inside nanofluidic channels. Consider a water segment in a slit confined by 
two infinitely large planes, the water pumping can be realized by the capillary pressure 
difference between the front and the rear of the water segment (equation (2.3)).  
∆𝑝 = 𝛾𝐿𝐺⁡(
cos 𝜃1
ℎ1
−
cos 𝜃2
ℎ2
) (2.3) 
By carefully designing the materials and the channel geometries, net capillary pressure can 
be achieved and thus induce the motion of the water segment (Bico and QuÉRÉ 2002, 
Polzin and Choueiri 2003, Weislogel 1997). For instance, the water segment in Figure 2.3(a) 
will be pulled from left to right due to the confinement-induced net capillary pressure 
(Alibakhshi et al. 2016, Polzin and Choueiri 2003). Such net capillary pressure can also be 
achieved by using surfaces with different contact angles and/or interfacial tension constant, 
as exhibited in Figure 2.3(b) (Bico and QuÉRÉ 2002, Weislogel 1997).  
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Figure 2.3 Water pumping in nanofluidic channels using interfacial forces (Shui et al. 
2007). (a) Geometric variance. (b) Interfacial force variance. 
 
Over the last decades, researchers have broadly used this capillary flow method to 
characterize the fluid flow in individual nanofluidic channels — quantifying the flowrate 
by tracking the location of a moving meniscus as a function of time and calculating the 
capillary pressure based on Young-Laplace equation (Chauvet et al. 2012, Hamblin et al. 
2011, Han et al. 2006, Haneveld et al. 2008, Oh et al. 2010, Sobolev et al. 2000, Tas et al. 
2004, Thamdrup et al. 2007, van Delft et al. 2007). However, in this method which is 
mainly applicable to hydrophilic channels, the actual driving pressure can be quite different 
from the calculation based on classical theories and bulk properties, which could result in 
inaccurate calculation of actual hydraulic resistance (Alibakhshi et al. 2016). In addition, 
as suggested by Young-Laplace equation, capillary pressure is not favorable for water 
pumping in hydrophobic nanochannels. It requires huge external pressure to pump water 
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into hydrophobic nanochannel as the capillary pressure to overcome is huge. However, 
people recently observed spontaneous water filling inside CNTs, suggesting that the 
hydrophobic inner surface of CNT will not reject the water molecules (Cambré et al. 2010, 
Qin et al. 2011, Rossi et al. 2004). This observation was also confirmed by molecular 
dynamics simulation, where the calculated free energy of water molecules inside CNTs is 
lower than that of bulk state (Hummer et al. 2001, Koga et al. 2001, Pascal et al. 2011). 
This counter-intuitive phenomenon was attributed to the water-carbon molecular 
interaction, indicating the breakdown of Young-Laplace equation in extreme confinement. 
Thus, it is necessary to develop a method to quantify the water transport in 
hydrophilic/hydrophobic nanofluidic channels without theoretical estimation of driving 
pressure. To realize this, we develop a hybrid-nanochannel scheme and use graphene 
nanochannel as an example to quantify the water flow inside. The details are discussed in 
Chapter 4. 
 
2.1.2 Slip Length 
As discussed before, water transport in nanofluidic channels can be significantly affected 
by the water-surface interaction. At the liquid/solid interface, the water molecule is 
generally considered adhering to the solid surface instead of moving along with the flow. 
Thus, in classical fluid dynamics, the fluid velocity at the solid boundary is assumed to be 
zero. This assumption, named as no-slip boundary condition, is a good approximation for 
macroscale viscous flow and has been broadly used to solve engineering problems.  
  
12 
However, this assumption is not universally applicable. For example, if the solid surface is 
hydrophobic, the attraction force between solid surface and adjacent water molecules is 
weak. Adjacent water molecules can move freely and a finite velocity at the solid boundary 
is a better approximation. Thus, slip boundary condition should be assumed under this 
circumstance. The measure of slip is slip length, which is defined as the extrapolated 
distance where the tangential velocity 𝑢𝑥 becomes zero (Figure 2.4). 
Generally, the slip length is at nanometer scale. Thus, the effect of slip at liquid/solid 
surface is more significant for water transport in nanofluidic channels (Lauga et al. 2007, 
Zhu and Granick 2002). 
𝑢𝑥|𝑤𝑎𝑙𝑙
𝐿𝑆𝑙𝑖𝑝
=
𝜕𝑢𝑥
𝜕𝑧
 (2.4) 
 
 
Figure 2.4 Slip length definition. 
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2.1.3 Hydraulic Resistance 
The flow inside 2-D nanochannel can be considered as stead state fully developed 
incompressible laminar flow. The shape of cross section (𝑤 × ℎ) is rectangle and the width 
of our nanochannel is much larger than the height (𝑤 ≫ ℎ). Therefore, the flow is two-
dimensional and Navier-Stokes equation can be written as: 
𝜂 (
𝜕2𝑢
𝜕𝑧2
) =
𝜕𝑃
𝜕𝑥
 (2.5) 
𝜂 is the water viscosity. 𝑥 is along the channel length direction. 𝑧 is perpendicular to the 
solid surface. The integration of equation (2.5) will give us: 
𝜕𝑢
𝜕𝑧
= −
1
𝜂
(−
𝜕𝑃
𝜕𝑥
) 𝑧 + 𝑐1 (2.6) 
𝑢 = −
1
2𝜂
(−
𝜕𝑃
𝜕𝑥
) 𝑧2 + 𝑐1𝑧 + 𝑐2 (2.7) 
𝑐1 and 𝑐2 are two constants, which can be solved with specific boundary conditions. 
For hydrophilic channels, the boundaries are non-slip. 
𝑢|𝑧=0 = 0 (2.8) 
𝑢|𝑧=ℎ = 0 (2.9) 
In this channel, the velocity profile would be: 
𝑢 = −
1
2𝜂
(−
𝜕𝑃
𝜕𝑥
) (𝑧 −
ℎ
2
)2 +
ℎ2
8𝜂
(−
𝜕𝑃
𝜕𝑥
) (2.10) 
The integration of equation (2.10) will give us the mass flowrate 𝑄: 
𝑄 = 𝜌∫ 𝑢𝑑𝑧
ℎ
0
⋅ 𝑤 =
𝜌𝑤ℎ3
12𝜂
(−
𝜕𝑃
𝜕𝑥
) (2.11) 
Here 𝜌  is density of water. The theoretical mass flow resistance per unit length for 
hydrophilic channel is: 
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𝑅 =
12𝜂
𝜌𝑤ℎ3
 (2.12) 
For hydrophobic channels, the slip boundaries are applied. 
𝜕𝑢
𝜕𝑧
|
𝑧=0
=
𝑢
𝐿𝑆𝑙𝑖𝑝
 (2.13) 
𝜕𝑢
𝜕𝑧
|
𝑧=ℎ
= −
𝑢
𝐿𝑆𝑙𝑖𝑝
 (2.14) 
In this channel, the velocity profile would be: 
𝑢 = −
1
2𝜂
(−
𝜕𝑃
𝜕𝑥
) (𝑧2 − 𝑧ℎ − 𝐿𝑆𝑙𝑖𝑝ℎ) (2.15) 
After integration, the mass flowrate can be written as: 
𝑄 = 𝜌∫ 𝑢𝑑𝑧
ℎ
0
⋅ 𝑤 =
𝜌𝑤ℎ3
12𝜂
(−
𝜕𝑃
𝜕𝑥
) (
ℎ + 6𝐿𝑆𝑙𝑖𝑝
ℎ
) (2.16) 
Thus, the theoretical mass flow resistance per unit length is: 
𝑅 =
12𝜂
𝜌𝑤ℎ3
ℎ
ℎ + 6𝐿𝑆𝑙𝑖𝑝
 (2.17) 
Similarly, if the channel ceiling is hydrophilic and the channel floor is hydrophobic, the 
theoretical mass flow resistance per unit length can be derived as: 
𝑅 =
12𝜂
𝜌𝑤ℎ3
ℎ + 𝐿𝑆𝑙𝑖𝑝
ℎ + 4𝐿𝑆𝑙𝑖𝑝
 (2.18) 
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2.2 Ion Transport in Nanofluidic Channels 
As the channel sizes shrink from microscale to nanoscale, the surface effect becomes more 
and more dominant such as electrostatic interactions, van der Waals interactions and steric 
interactions. Consequently, the ion transport in nanochannel can be significantly dominated 
by the surface charge at the liquid/solid interface. In this section, we will discuss how 
surface charge affects the ionic conductance of nanochannel from a theoretical point of 
view.  
2.2.1 Surface Charge  
In colloidal science, surface charges represent the electrical potential difference at the 
interface of dispersed medium. Generally, the surface is being charged when placed into 
an aqueous solution. The ions inside the solution (cations and/or anions) will interact with 
the surface in a certain way such as adsorption, protonation/deprotonation and surface 
group dissociation, and thus lead to a charged surface (Behrens and Grier 2001, Perram et 
al. 1973).  
It is worth noting that during this process, both cations and anions in the solution can 
interact with the surface with different mechanisms. For instance, for a surface with 
carboxyl groups (COOH), the cations/anions can be physically adsorbed onto the surface. 
At the same time, the carboxyl groups attached to the surface can dissociate in aqueous 
solutions and release protons (COOH ⇌ COO- + H+). The ionic concentration inside 
solution will cause the shift of chemical equilibrium and alter the charge (dissociated 
carboxyl group) on the surface. Therefore, the surface charge is an accumulative result of 
all the involved physical and chemical process.    
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2.2.2 Electric Double Layer (Ion Concentration Distribution) 
Due to electrostatic effect, the charged surface in aqueous solution will attract the opposite 
charged ions (counter-ions) and repel the like charged ions (co-ions) and change the ionic 
distribution close to the surface (Israelachvili 2011). For example, for silica (SiO2) 
substrate immersed into KCl aqueous solution, the silica surface will develop a negative 
surface charge because of the dissociation of silanol groups (SiOH) (Behrens and Grier 
2001). This negatively charged surface will attract the potassium ions (K+) and repel the 
chlorine ions (Cl-), creating a region with excessive cations, which is identified as electrical 
double layer (EDL), as shown in Figure 2.5.  
The EDL was first described by Helmholtz with an analogy to electric capacitance 
(Helmholtz 1853). The Helmholtz model considered two charged layers with opposite 
polarities separated by a fixed distance, successfully explaining the observed electrostatic 
screening effect. Later, Gouy-Chapman applied Maxwell-Boltzmann statistics to the 
charge distribution close to the interface (Verwey and Overbeek 1955). This model made 
significant improvements since it allows the ion diffusion in the solution. However, Gouy-
Chapman considered the hydrated ions to be point charge and this could cause the model 
failure in double layers with high surface charge (Schoch et al. 2008). Combining the 
Helmholtz model and the Gouy-Chapman’s model, Stern introduced a layer next to the 
surface, Stern layer (Hunter 2013). The ions within the Stern layer are bounded to the 
surface due to strong electrostatic force. The outer layer is diffuse layer where ions are 
mobile. Generally, since Stern layer is much thinner than diffuse layer, the Stern layer is 
often combined with the fixed surface charge when considering their electrostatic screening 
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effect to diffuse layer (Bhatt et al. 2005).  
 
 
Figure 2.5 Electrical double layer (a) Schematics. (b) Ionic distribution in electrolyte 
solution close to the charged surface. 
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2.2.3 Debye Length 
To determine the potential and concentration distribution close to the interface, Poisson 
equation was used to associate the electrical potential 𝜑 with the charge density 𝜌𝑒: 
∇2𝜑 = −
𝜌𝑒
𝜀0𝜀𝑟
 (2.19) 
Here, 𝜀0 is the permittivity of free space. 𝜀𝑟  is the dielectric constant of water. The net 
charge density 𝜌𝑒 can be described as: 
𝜌𝑒 = 𝑒∑𝑛𝑖𝑧𝑖
𝑖
 (2.20) 
where 𝑒 is the basic charge. 𝑛𝑖  is the number density of species 𝑖 . 𝑧𝑖  is the valence of 
species 𝑖. The number density of species 𝑖 is associated with the local electrical potential 
according to Boltzmann distribution: 
𝑛𝑖 = 𝑛𝑖
∞exp⁡(−
𝑧𝑖𝑒(𝜑 − 𝜑
∞)
𝑘𝐵𝑇
) (2.21) 
𝑛𝑖
∞  is the bulk number density, where corresponding electrical potential 𝜑∞  can be 
assumed as 0. 𝑘𝐵 is Boltzmann constant and 𝑇 is the temperature.  
For a monovalent salt solution such as KCl and NaCl, the Poisson-Boltzmann equation can 
be written as: 
∇2𝜑 =
2𝑒𝑛𝑖
∞
𝜀0𝜀𝑟
sinh⁡(
𝑒𝜑
𝑘𝐵𝑇
) (2.22) 
Here a constant 𝜆𝐷 = √𝜀0𝜀𝑟𝑘𝐵𝑇/(2𝑛𝑖
∞𝑒2) is introduced, equation (2.22) can be written 
as: 
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∇2(
𝑒𝜑
𝑘𝐵𝑇
) =
1
𝜆𝐷
2 sinh⁡(
𝑒𝜑
𝑘𝐵𝑇
) (2.23) 
Poisson-Boltzmann equation (equation (2.23)) is a second-order elliptic partial differential 
equation and can be solved in different ways. For instance, under Debye-Hückel 
approximation, the electrical potential is small (𝜑 < 26𝑚𝑉@25℃) everywhere. Poisson-
Boltzmann equation can be re-written as: 
∇2(
𝑒𝜑
𝑘𝐵𝑇
) =
1
𝜆𝐷
2
𝑒𝜑
𝑘𝐵𝑇
 (2.24) 
The solution becomes: 
𝜑(𝑧) = 𝜑(0)⁡exp⁡(−
𝑧
𝜆𝐷
) (2.25) 
The constant 𝜆𝐷  with the length unit is defined as Debye length, corresponding to the 
thickness of the EDL (diffuse layer). The constant is only related to the ionic concentration 
of the solution and is often used to suggest the strength of the screening effect. The lower 
the ionic concentration, the thicker the EDL is. For example, for 1M KCl solution, 𝜆𝐷 ≈
0.3𝑛𝑚; for 10µM KCl solution, 𝜆𝐷 ≈ 100𝑛𝑚. 
  
  
20 
2.2.4 Overlapping Electrical Double Layer 
When two charged surfaces are placed close to each other, it is very likely that the double 
layer developed by each surface will interact with each other. This interaction strength is 
determined by the nanoscale confinement and Debye length. Imaging two infinitely large 
planes with a finite spacing ℎ form a slab-like channel. If ℎ ≫ 𝜆𝐷 (Figure 2.6(a)), there is 
enough room for the double layers on both sides to fully develop before meeting each other. 
In this case, only the area next to planes will experience excessive counter-ion 
concentration because of the weak electrostatic screening effect while ionic concentration 
at the center of channel is close to bulk solution. On contrary, if ℎ ≤ 𝜆𝐷 (Figure 2.6(b)), 
the confinement between planes is not enough for the double layer to fully develop. In this 
case, the whole space between planes is dominated by counter-ions, meanwhile, the co-
ions are excluded due to the surface charge. For instance, for silica channel with filled KCl 
solutions, because of the negative charge on the silica surface, K+ are accumulated while 
Cl- are depleted inside the channel. This ion-selective behavior is a result of overlapping 
electrical double layer and can be utilized for many promising applications such as water 
desalination (Daiguji 2010, Kim et al. 2010) and energy harvesting (Kim et al. 2010, van 
der Heyden et al. 2005, Yan et al. 2013). It is worth noting that this ion-selective 
phenomenon cannot occur in microfluidic channels because the confinement is 
significantly larger than the Debye length of most solutions. This unique phenomenon has 
made nanofluidics stand out from microfluidics and become an emerging exciting field for 
scientific research and industrial applications (Schoch et al. 2008).  
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Figure 2.6 Surface charge effect. (a) Ion redistribution when two charged surfaces are 
placed close to each other (b) Distribution of ionic concentration and electrical potential in 
the space confined between two charged surfaces. Left: the spacing is much greater than 
the Debye length (ℎ ≫ 𝜆𝐷). Right: the spacing is smaller than the Debye length (ℎ ≪ 𝜆𝐷). 
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Consider a 2-D nanochannel area confined by two infinitely large planes. The spacing 
between planes is 20 nm. The surface charge density 𝜎 is fixed at -10 mC/m2 (negative) 
for all concentrations. The ion concentration (cation and anion) distribution inside the 
nanochannel can be calculated based the model mentioned in section 2.2.3. According to 
the calculation results shown in Figure 2.7, the cation concentration close to the surface is 
higher than that at the center of channel, while the anion concentration close to the surface 
is lower than that at the center of channel, suggesting excessive ion distribution in double 
layer region. In addition, as the bulk concentration decreases from 1 M to 0.1 mM, the 
double layer region expands and the double layer on both surfaces start to overlap at 1 mM 
where corresponding Debye length is around 30 nm. It is worth noting that the cation 
concentration distribution does not change much when the bulk concentration decreases 
from 1 mM to 0.1 mM. Meanwhile, the cation concentration inside channel (10-2 M) 
becomes significantly higher than bulk concentration. This can be explained by the regime 
where surface charge is governing the ion distribution inside nanochannel. Based on the 
requirement of electro neutrality, the average counter-ion concentration between two 
charged surfaces can be calculated as ?̅? = 2|𝜎|/𝑒ℎ. According to this assumption, the 
average counter-ion concentration in this case is ~0.01 M. Thus, for low concentrations 
where double layers are overlapping, the counter-ion concentration inside nanochannel is 
determined by surface charge while the co-ion concentration is negligible.   
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Figure 2.7 Calculated ionic concentration inside nanochannel for different bulk 
concentrations (10-4 M, 10-3 M, 10-2 M, 0.1 M, 1 M). Channel height ℎ: 20nm. Surface 
charge density 𝜎: -10mC/m2. (a) Cation concentration distribution. (b) Anion concentration 
distribution. 
 
2.2.5 Electrokinetic Flow in Nanochannels 
Following the ionic concentration and electrical potential distribution in nanoscale 
confinement, the motions of ions have been studied for better manipulation of ion/fluid 
under nanoscale confinement. The ion transport inside nanochannel can be controlled by 
concentration gradient, pressure gradient and external electric field (Daiguji 2010). 
Specifically, the motions of ions controlled by external electric field is categorized as 
electrokinetic flow.  
It is well known that electrokinetic flow includes electrophoretic flow (EPF) and 
electroosmotic flow (EOF). EPF considers the ion motions, relative to the fluid motion, 
under electrical field. EOF considers the ion motions induced by fluid motion. Flux 
contributed by EPF can be described from Nernst-Planck equation: 
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𝐽𝑖,⁡⁡⁡𝐸𝑃𝐹 = −𝐷𝑖∇𝑐𝑖 −
𝐷𝑖𝑧𝑖𝑒
𝑘𝐵𝑇
𝑐𝑖∇𝜓 (2.26) 
Here 𝐷𝑖  is the diffusivity. 𝑐𝑖  is the molar concentration. Two terms represent the ion 
diffusion flux and drifting flux.  
Flux contributed by EOF can be determined by: 
𝐽𝑖,⁡⁡⁡𝐸𝑂𝐹 = 𝑢𝑐𝑖 (2.27) 
where 𝑢 is the velocity of fluid. 
Consider a 2-D nanochannel with two reservoirs connected to the ends of the nanochannel, 
electrical field is applied along the channel length direction to drive the ions inside. The 
schematic is exhibited in Figure 2.8. The length and the width of the channel is much larger 
than the height (𝐿 ≫ 𝑤 ≫ ℎ), which is the only dimension that has nanoscale confinement. 
If the solutions held in reservoirs have the same ionic concentration, the ionic concentration 
gradient along length direction would be zero (𝜕𝑐𝑖 𝜕𝑥⁄ = 0). In addition, due to the nature 
of 2-D nanochannel (𝑤 ≫ ℎ) along the length direction, we can assume that the ionic 
concentration gradient along width direction is also zero (𝜕𝑐𝑖 𝜕𝑦⁄ = 0). Therefore, the 
electrokinetic flux in 2-D nanochannel can be written as: 
𝐽𝑖,⁡⁡⁡𝐸𝑃𝐹 =
𝐷𝑖𝑧𝑖𝑒
𝑘𝐵𝑇
𝑐𝑖𝐸 (2.28) 
𝐽𝑖,⁡⁡⁡𝐸𝑂𝐹 = 𝑢𝐸𝑂𝐹𝑐𝑖 (2.29) 
Here 𝐸 is the external electrical field. 𝑢𝐸𝑂𝐹 is the electroosmotic velocity, the direction of 
which is the same as the electrical field. Thus, in 2-D nanochannel, the electrokinetic flux 
is aligned with the external electric field and the ion flux along other directions can be 
safely ignored.  
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Figure 2.8 The nanochannel under investigation and the bridged two reservoirs for 
electrodes access and solution introduction. A source measure unit (SMU) is used to apply 
electrical field along the channel length direction and sense the electrical current response. 
 
2.2.5.1 Electrophoretic Flow 
As seen in equation (2.28), the EPF flux is related with the valence of ion. Assuming no 
motions from the fluid, cation and anion are moving in opposite directions under the 
electric field 𝐸. The ion motions will induce an electrophoretic current. For monovalent 
salt solutions (KCl, NaCl, HCl, etc.), the current contributed by electrophoretic flow can 
be derived after integrating equation (2.28): 
𝐼𝐸𝑃𝐹 = ∫ (𝜇+𝑐+ + 𝜇−𝑐−)⁡𝐹𝐴⁡𝐸
ℎ
0
𝑤𝑑𝑧 (2.30) 
Here 𝜇+  and 𝜇−  are electrical mobilities of cation and anion. ⁡𝐹𝐴  is Faraday constant 
Einstein relation (𝜇 =
𝐷𝑒
𝑘𝐵𝑇
) is used to derive equation (2.30). Both cation and anion are 
contributing to the electrophoretic current since they move in opposite directions under 
external electrical field 𝐸. As discussed in section 2.2.4, when double layers overlap with 
each other inside nanochannel, the ionic concentration inside nanochannel is controlled by 
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surface charge — counter-ion concentration is averaged as 2|𝜎|/𝑒ℎ  while co-ion 
concentration is negligible. Thus, the electrophoretic current can be re-written as: 
𝐼𝐸𝑃𝐹 = 𝜇⁡(2|𝜎|)⁡𝐸𝑤 (2.31) 
In this scenario, the electrophoretic current is only related to counter-ion mobilities 𝜇 and 
surface charge density 𝜎  regardless of bulk concentration. If surface charge density is 
independent of bulk concentration, the electrophoretic conductance will be independent of 
bulk concentration as well. This has been confirmed by many experiments in silica/alumina 
nanochannels (Duan and Majumdar 2010, Stein et al. 2004).  
On the other hand, if the double layers are very thin compared with the channel height, the 
ionic concentration inside nanochannel is determined by the bulk concentration. The 
electrophoretic current can be simplified as:  
𝐼𝐸𝑃𝐹 = (𝜇+ + 𝜇−)𝑐𝑏𝑢𝑙𝑘⁡𝐹𝐴⁡𝐸⁡𝑤ℎ (2.32) 
This suggests that the electrophoretic conductance inside nanochannel is proportional to 
the bulk concentration. Therefore, when considering the concentration dependence of ionic 
conductance inside nanochannel, a plateau and a linear slope are expected, as presented in 
Figure 2.9. We also verified this ionic conductance behavior in our graphene nanofluidic 
channel and the details are discussed in section 5.2. 
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Figure 2.9 Concentration dependence of ionic conductance (KCl) inside a nanochannel (𝐿: 
100 μm, 𝑤: 30 μm, ℎ: 20 nm, 𝜎: -10mC/m2) 
 
2.2.5.2 Electroosmotic Flow 
For the fluid sandwiched between charged surfaces, the bulk motion is observed if external 
electrical field is applied. This is the result of the double layer close to the charged surface. 
Within the double layer, there exist excessive counter-ions. Thus, the fluid inside double 
layer region will experience a net electrostatic force under the external electrical field. This 
lead to the momentum of the fluid within the double layer. The momentum will be 
transferred to the fluid outside double layer region due to the viscous effect. 
Unlike pressure-driven flow, the applied force on to the fluid is not uniform in 
electroosmotic flow. Therefore, the velocity profile of electroosmotic flow is different from 
that of pressure-driven flow. In 1916, Smoluchowski first described the electroosmotic 
flow and revealed the “plug flow” velocity profile (Schoch et al. 2008). The velocity at the 
wall is zero if the surface is no-slip. The velocity increase to its maximum value within 
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double layer and remain at the maximum velocity outside double layer region. The 
maximum velocity 𝑢𝐸𝑂𝐹 can be determined by Navier-Stokes equation.  
𝑢𝐸𝑂𝐹,𝑚𝑎𝑥 =
𝜀0𝜀𝑟𝜁
𝜂
𝐸 (2.33) 
Here 𝜂 is viscosity. 𝜁 is the electrical potential at the slip plane. It is worth mentioning that 
the electroosmotic flow direction is related to the polarity of the surface charge. If the 
surface charge is negative, the counter-ion in double layer region is cation. Then the net 
force applied to the fluid has the same direction as the electrical field. In this case, the 
electroosmotic flow direction is the same as the electrical field. On the contrary, if the 
surface charge is positive, the electroosmotic flow direction is opposite to the electrical 
field.  
As shown in equation (2.29), the fluid motion will lead to the ion motion and contribute to 
an electroosmotic current. Different from electrophoretic current, the cations and anions 
are moving in the same direction with the fluid. For monovalent salt solutions, the current 
contributed by electroosmotic flow can be written as: 
𝐼𝐸𝑂𝐹 = ∫ (𝑧+𝑐+ + 𝑧−𝑐−)𝑢𝐸𝑂𝐹
ℎ
0
𝑤𝑑𝑧 (2.34) 
Thus, there will not be any net current if the cations and anions concentration are the same. 
This corresponds to the area outside double layer region, where the concentration is only 
restricted by electro neutrality (𝑧+𝑐+ + 𝑧−𝑐− = 0). Inside double layer region where ionic 
concentration is also influenced by surface charge (𝑧+𝑐+ + 𝑧−𝑐− ≠ 0), the motion of fluid 
will contribute to net electroosmotic current. However, the electroosmotic velocity 𝑢𝐸𝑂𝐹 is 
not significant inside double layer region, especially for weakly charged surfaces. In fact, 
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for most previous nanofluidic investigations, the electroosmotic flow induced current are 
simply ignored. It is worth noting that if slip boundary condition is applied at the surface, 
the electroosmotic velocity inside double layer region could be significant and 
corresponding electroosmotic current might be not negligible. The details will be discussed 
in section 5.2.4, using graphene surface as an example. 
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CHAPTER THREE: FABRICATION OF GRAPHENE NANOFLUIDIC 
CHANNELS 
Unlike individual CNTs, the fabrication of individual graphene nanochannel has not been 
easy. As of now, very limited fabrication techniques have been explored. Radha et al. 
recently reported graphene nanocapillaries fabrication using dry-transfer techniques 
(Radha et al. 2016). Briefly, thin graphite crystals were patterned with electron beam 
lithography and transferred on to a graphite substrate, serving as spacers separating 
neighboring nanocapillaries. Afterwards, another thick graphite was transferred onto the 
spacers to form enclosed nanocapillaries. Although atomic-scale precision can be achieved 
with this technique, the primary surfaces of the 2-D channel (top and bottom) are made of 
graphite rather than graphene. Plus, the liquid transport inside the nanocapillaries cannot 
be traced visually due to the confinement in width direction. Furthermore, the involved 
multi-transferring process cannot be integrated with micro/nanofluidic platform and could 
limit its application in LOC systems. Later, Jung et al. proposed a bonding technique to 
form enclosed graphene nanochannels (Jung et al. 2017). Graphene was first directly 
transferred onto a silicon oxide substrate with patterned channels with help of mechanical 
pressure and electrostatic force. Subsequently, another glass substrate with transferred 
graphene was used to seal the open nanochannel via anodic bonding process. Although this 
method allows the integration of nanochannel with other micro/nanofluidic component, the 
quality of the transferred graphene, including roughness and left-over residues, is 
unsatisfactory, which could bring unexpected issues during transport study. Thus, it is 
necessary to develop a technique to fabricate individual graphene nanochannels with high 
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quality graphene coverage. In this Chapter, the details of our fabrication technique and the 
characterization of the nanofluidic device are presented.  
3.1 Graphene Synthesis 
Graphene can be synthesized with different methods such as exfoliation and chemical 
vapor deposition (Geim 2009, Zhu et al. 2010). Ever since Novoselov, Geim and co-
workers mechanically exfoliated graphene from graphite (Novoselov et al. 2004), this 
simple mechanical approach has been broadly used by researchers to synthesize high-
quality monolayer graphene flakes. Although this low-cost approach has led to many 
exciting studies of basic properties of graphene (Castro Neto et al. 2009, Geim and 
Novoselov 2007), a few drawbacks of this synthesis approach restrict itself from large scale 
applications. For instance, the flake size of exfoliated monolayer graphene is typically 
several-microns. In addition, the exfoliated graphene flakes are generally irregular-shaped, 
and the azimuthal orientations are not determined. Therefore, mechanical exfoliation is not 
applicable to fabricate the planar graphene nanochannels with well-defined geometry 
(Avouris and Dimitrakopoulos 2012, Bonaccorso et al. 2012).  
On contrary, chemical vapor deposition (CVD) is a scalable way to prepare monolayer 
graphene (Li et al. 2009, Reina et al. 2009). Although polymer residues might be 
introduced during the transfer process if specific substrate is required, this approach allows 
us to get graphene coverage in a large scale (centimeters) with well-controlled azimuthal 
orientation and is suitable for planar graphene nanochannel fabrication. The CVD process 
of graphene growth on copper foil was conducted by our collaborators (In collaboration 
with Marek Hempel and Jing Kong) and the details are described as follows: 
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The copper foil used for CVD graphene was 25µm thick (38 mm × 150 mm, Alfa Aeser 
Product # 13882). Before growth, the surface of a copper strip was lightly etched in nickel 
etchant (Transene, Nickel Etchant TFB) for 90 s followed by a thorough rinse under 
deionized water. Next, it was bent along the long side in order to fit in a 25mm quartz tube 
furnace (Thermo Scientific, Lindberg Blue TF55035A-1). For growing the graphene, the 
copper was first gradually heated from room temperature (RT) to 1000°C in 20 min and 
was then annealed for 30 while flowing 8 sccm of hydrogen (Airgas, HY UHP300) at a 
pressure of 0.38 Torr (Varian, SH-110). For forming the graphene layer, the gas flow was 
increased to 60 sccm of hydrogen and 3.5 sccm of methane (Airgas, ME UHP300) was 
added for 30min (pressure 1.95 Torr). Finally, the copper strip was cooled down to 600°C 
within 25 min while leaving the furnace closed. From there it was cooled down to 100°C 
temperature within 15 min with a fan. 
 
3.2 Graphene Transfer 
After CVD growth of monolayer graphene on both surfaces of the copper foil (Figure 
3.1(Step 1)), the copper foil was cut into small squares (10 mm × 10 mm) to be fitted to 
our target silicon oxide substrate. Poly methyl methacrylate (PMMA) (MicroChem, 950K 
A3) was first spun on to the graphene surface at 4000 RPM, serving as a supporting layer 
for atomically-thin graphene layer, as seen in Figure 3.1(Step 2). Following this step, one 
side of graphene on copper foil with no PMMA protection was removed via oxygen plasma 
(Figure 3.1(Step 3)). The resulting PMMA-graphene-copper stack was placed floating on 
copper etchant (Transene, APS-100), with PMMA supporting layer facing up. After the 
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copper foil was completely etched, the remaining PMMA-graphene thin film stack was 
floating on the solution (Figure 3.1(Step 4)). This thin film stack was transferred to DI 
water bath with a flat head wafer tweezer (Rubis Peek wafer tweezer). After DI water 
cleaning, the PMMA-graphene thin film stack was scooped out using the target substrate 
(Figure 3.1(Step 5)). A baking process was then employed to remove excess water between 
graphene and the target substrate. Baking temperature was kept below water boiling point 
to avoid violent vaporization process. After the baking process, the PMMA supporting 
layer was removed with acetone bath (Figure 3.1(Step 6)).  
 
Figure 3.1 Graphene Transfer Process. Step (1): Chemical vapor deposition of monolayer 
graphene on to copper foil. Step (2): PMMA coating on graphene. Step (3): Removal of 
graphene on the other side with oxygen plasma. Step (4): Copper wet etch. Step (5): 
Transfer thin film stack (PMMA+graphene) onto target substrate. Step (6): PMMA 
removal.  
 
The graphene transferred results can be seen in Figure 3.2. The substrate used in this study 
is silicon with 280-nm-thick thermal oxide, which can help visualize the monolayer 
graphene under optical microscope (Figure 3.2(a)) (Blake et al. 2007). Atomic force 
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microscopy (AFM) was also used to quantify the roughness of the graphene surface. As 
exhibited in Figure 3.2(b), the polymer residues and grain boundaries were introduced 
during the transfer process. Nevertheless, the roughness of our transferred graphene surface 
is 3.28 Å. 
 
Figure 3.2 Graphene Transfer Results. The target substrate is silicon with 280-nm-thick 
thermal oxide. a) Optical microscope image. b) Atomic force microscope (AFM) image. 
Polymer residues and graphene grain boundaries can be better seen under AFM. The 
surface roughness is 3.28Å.  
 
3.3 Open Nanochannel Fabrication 
To fabricate the GNC-based carbon nanofluidic devices, we used a MEMS-based process 
combining graphene transfer with classical etching and bonding techniques (Duan and 
Majumdar 2010, Duan et al. 2013, Mao and Han 2005). First, 2-D nanochannels are 
patterned and etched on a silicon substrate using photolithography and controlled reactive 
ion etching. The length and width of each open nanochannel is 1000 µm and 3 µm, 
respectively. The channel height varies from 20 nm to 125 nm, which can be determined 
by the silicon etching recipe. After the thermal oxidization step for 280-nm-thick silicon 
dioxide formation, monolayer graphene was transferred onto the substrate.  
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Compared to the transferred graphene on flat silica substrate, we found that graphene tends 
to conformally cover the open nanochannel after transfer, especially when the height to 
width aspect ratio is small. We attributed this to the strong adhesion between graphene and 
silica substrate, as well as the wet transfer and post-baking process. Right after the scooping 
of PMMA-graphene thin film stack from DI water using target substrate, water still existed 
between the thin film stack and the target substrate, filling the gap of open nanochannel. 
As the water evaporated during the baking process, due to the absence of water, the thin 
film stack and the target substrate formed intimate contact with each other since the height 
to width aspect ratio of the nanochannel is small (<0.04). The corresponding schematics 
describing the baking process is exhibited in Figure 3.3. A following baking process at 
higher temperature would further improve the adhesion between graphene and substrate, 
preventing water filling the gap between graphene and the substrate in following 
fabrication process.  
 
Figure 3.3 Schematic of baking process. a) Water existence between PMMA-graphene 
stack and surface structures right after wet transfer process. b) Water trapped in surface 
structures started to evaporate during baking process. Distance between thin film stack and 
substrate became closer at the same time. c) Water was completely removed and graphene 
conformally covered the surface structures due to small aspect ratio. 
 
After the graphene transferring process, photolithography and reactive ion etching was 
employed to pattern graphene into strips, which can reduce possible fabrication failure in 
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later process. Figure 3.4 shows the AFM-scanned surface profiles for open graphene 
nanochannels before and after graphene transferring/patterning. The graphene coated 
surface has almost the same roughness as the original silica surface, which is around 3 Å 
and thus both can be considered as atomically smooth surfaces. According to the height 
profile, the silica channel (red line) and graphene channel (blue line) have the same height 
(~20 nm), demonstrating the conformal coating of graphene on the silica channel surface. 
The AFM scanned step height of graphene adhere to SiO2 surface is roughly 2–3 nm, which 
deviates from reported monolayer graphene thickness (~0.4 nm). This discrepancy can be 
explained by instrument offset due to tip-substrate interaction (Nemes-Incze et al. 2008, 
Novoselov et al. 2004). 
 
Figure 3.4 Surface profile of a 20-nm-deep nanochannel before (a) and after (b) graphene 
transferring process. (c) Cross section comparison for nanochannels with and without 
graphene coverage.  
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3.4 Vacuum Anodic Bonding 
Patterned graphene open nanochannels are then bonded to a glass substrate containing 
access microchannels and reservoirs. Figure 3.5 presents the schematics of a GNC 
nanofluidic device before and after anodic bonding. The pre-defined open nanochannels 
will bridge the two access microchannels on the glass substrate after bonding. The cross-
section schematics of the bonded device along and across nanochannels are shown in 
Figure 3.5(b). The gap between the two microchannels determines the actual channel 
length of the graphene nanofluidic channel. Each microchannel is connected with two 
reservoirs located at both ends of the microchannel, which allow for liquid 
introduction/storage and can also provide access to Ag/AgCl electrodes for ionic 
conductance measurements. 
 
Figure 3.5 (a) Schematic of the nanofluidic device in isometric view. (b) Cross sectional 
views of the bonded graphene nanochannel device along two orthogonal directions. 
 
The bonding of two substrates was achieved in vacuum environment under a voltage of 
800V at 450°C. It is worth noting that CVD graphene can also be transferred and patterned 
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onto the glass substrate and the resulting nanofluidic channels (after an aligned bonding) 
have graphene covering all channel walls. However, in this thesis we focus on fabrication 
and characterization of nanofluidic channels where graphene only covers the bottom and 
the side surfaces. Our results show that such nanofluidic devices have already exhibited 
different transport properties compared with pure silica nanochannels due to the presence 
of large slip length and surface charges on the graphene surfaces. 
Microscope images of open and enclosed graphene channels are presented in Figure 3.6. 
Before forming enclosure, patterned graphene strips and pre-etched nanochannels can be 
easily seen from optical microscope with the help of 280 nm thick silicon dioxide, shown 
in Figure 3.6(a). Microscope images for exactly the same device after anodic bonding are 
shown in Figure 3.6(b). Both figures reveal that bonding is successful based on uniform 
color in the area between microchannels because unbonded area can show different 
contrast under optical microscope. Besides, nanochannels survive from huge electrostatic 
force during bonding that may cause collapsing. We can also tell that graphene survive in 
areas outside the nanochannels according to the optical contrast, which will be proved by 
Raman spectroscopy later. In contrast, for the graphene inside channel area, only uniform 
color is observed under optical microscope and it is not clear whether graphene survives 
based on the microscope images after bonding. 
  
39 
 
Figure 3.6 Microscope images of graphene nanochannel devices before (a) and after (b) 
anodic bonding. Lower microscope images are the zoom-in of upper microscope images. 
All four images were taken on the same device.  
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3.5 Raman Spectroscopy 
Raman spectroscopy is a valuable tool to characterize graphene and other two-dimensional 
materials as it can determine the number of layers, strain, doping, quality and disorder in a 
non-invasive way (Ferrari and Basko 2013, Ferrari et al. 2006, Malard et al. 2009). In the 
work, we use WITec alpha 300 Confocal Raman Microscope with 532 nm laser excitation 
to characterize the Raman spectrum of our device. Figure 3.7(a) shows a typical Raman 
spectrum of a graphene surface after being transferred onto silicon oxide substrate. Two 
Raman peaks of particular interest, G Peak (~1580 cm-1) and 2D Peak (~2700 cm-1), can 
be clearly observed in the spectrum and the corresponding G-to-2D intensity ratio is 
measured as 0.5. According to the previous study (Ferrari et al. 2006), this G-to-2D 
intensity ratio proves the monolayer nature of the graphene. What’s more, a symmetric 
single Lorentz line shape for 2D band indicates no splitting of the electronic bands, which 
also confirms that the monolayer graphene is successfully transferred on to silica 
nanochannels (Ferrari et al. 2006). 
After anodic bonding, we performed a Raman spectroscopy mapping over the channel area 
to verify the graphene survival inside nanochannel. A ~2500 µm2 area (55 µm × 47 µm) 
was scanned and the Raman spectrum was collected and mapped. Figure 3.7(b) shows the 
optical microscope images of the mapped area. Figure 3.7(c) shows the silicon band (~520 
cm-1) intensity map over the channel area. The contrast on this intensity map can be used 
to locate the channel area. Two dark vertical strips are associated with the graphene-
covered area outside the nanochannel. It is worth noting that the dark strips in the intensity 
map do not indicate the absence of silicon peak in that area. The false color image is only 
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used to locate the channel. There is still a clear silicon peak in the Raman spectra in these 
areas. The intensities in these areas are only weaker than other exposed bonded silicon 
oxide surface because of the blockage by covered graphene. The center vertical strip with 
high intensity refers to the nanochannel area. This high density could probably be explained 
by the interference at air/oxide interface due to the presence of air gap between floors and 
ceilings of nanochannel. Figure 3.7(d) and 3.7(e) represent the intensity maps of the G band 
(~1580 cm-1) and the 2D band (~2700 cm-1) of the same area. In both maps, no noticeable 
intensity difference is observed between areas inside and outside the channel, suggesting 
similar graphene qualities in these two areas. Accordingly, graphene not only survives in 
the area outside the nanochannel, but also survives inside the nanochannel during the 
vacuum anodic bonding.  
Based on our experience, the survival of graphene inside the nanochannels benefits from 
the vacuum anodic bonding process. If atmospheric anodic bonding was used to seal the 
graphene nanochannel instead of vacuum anodic bonding, no detectable G band and 2D 
band intensities would be observed inside the graphene nanochannel, although graphene 
outside the channels, which was in direct contact with the glass substrate would survive. 
We hypothesize that atmospheric anodic bonding performed in an O2-rich environment 
could remove transferred graphene inside the nanochannel due to voltage induced 
oxidation reaction. Nevertheless, the microscopic and Raman mapping images shown 
above prove that the GNC-based nanofluidic device is successfully fabricated using wet 
graphene transfer and vacuum anodic bonding technique. 
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Figure 3.7 Raman spectrum and intensity maps. (a) Raman spectrum of monolayer 
graphene transferred on silica substrate before anodic bonding. (b) Microscope images of 
the bonded graphene nanochannel to be mapped. (c)(d)(e) Intensity maps of different 
Raman band over the same graphene nanochannel region after anodic bonding. (c) Silicon 
band, ~520cm-1 (d) G band, ~1580 cm-1 (e) 2D band, ~2700 cm-1 
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CHAPTER FOUR: WATER TRANSPORT IN GRAPHENE NANOFLUIDIC 
CHANNELS 
 
Water transport in non-polar nanochannels is involved in many biological and 
technological processes such as transmembrane molecule exchange and water distillation. 
Great attention has been drawn to the molecular-dynamics of water transport inside 
graphitic nanochannels (carbon nanotubes, graphene channels) (Alexiadis and Kassinos 
2008). According to the computational work in carbon nanotubes, water fills the nanotube 
spontaneously, despite the hydrophobic graphitic inner surface (Falk et al. 2010, Hummer 
et al. 2001, Joseph and Aluru 2008, Kalra et al. 2003, Pascal et al. 2011). Furthermore, 
enhanced water flows inside carbon nanotubes (Falk et al. 2010, Joseph and Aluru 2008) 
and between graphene layers (Muscatello et al. 2016, Wei et al. 2014) were also predicted 
due to the atomically smooth surface.  
However, experimental studies are still limited due to the great challenges in fabrication 
and measurements of these devices. Although vertically aligned carbon nanotube 
membranes have been used to study the water transport under externally-driven pressure 
(Holt et al. 2006, Majumder et al. 2005), the discrepancies between studies are huge 
because of the inaccurate estimation of CNT diameters and quantities (Guo et al. 2015). 
On the other hand, the study based on single CNT platform is still rare although it could 
provide more accurate results. Recently, Qin et al. reported water transport inside single 
CNTs based on the field-effect transistor (FET) array (Qin et al. 2011). The water front is 
observed by the current change of FET with and without water doping. An enhancement 
factor of 51-882 compared to classical Hagen-Poiseuille theories is reported for CNTs with 
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diameters of 0.81–1.59 nm. However, the driving pressure in this work is still estimated by 
molecule-dynamics (MD) simulation, and a more accurate determination of the 
enhancement factor requires experiments in which the driving pressure is empirically 
determined. Later, Secchi et al. built a system where carbon nanotube worked as a Landau-
Squire nanojet. Water was driven under an externally-controlled pressure and the water 
molecule trajectories were recorded once exiting the nanojet (Secchi et al. 2016). The water 
flow rate inside the nanotube can thus be estimated via jet hydrodynamics.  In this work, 
they measured the flowrate inside CNT with diameters from 15 nm to 50 nm and observed 
strong slippage in CNT (Max slip length: 300 nm). Nevertheless, this exciting result cannot 
explain the origin of the slippage since the water transport in carbon nanotube can be 
related to the diameter, curvature and chirality according to MD simulation prediction. In 
comparison, our single graphene nanochannel can avoid the coupling complexities in 
CNTs and would be a perfect candidate for transport study. 
The primary challenges of water transport measurement in single graphene nanochannels 
are similar to those in single CNTs. The nanoconfinement-resulted tiny flow rate and the 
corresponding pressure difference across the single graphene nanochannel need to be 
precisely measured simultaneously without using any estimation from 
theories/simulations. So far, there have been only limited efforts to resolve the challenges. 
Radha et al. have created graphene nanochannels down to 0.7 nm between two graphite 
layers using patterned and transferred multi-layer graphene flakes as the spacer layer, with 
which they have determined water flow rate across the graphene nanochannels by 
measuring evaporation at the channel entrance (Radha et al. 2016). However, their 
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fabrication method lacks precise control over the channel length(s) and can only make 
graphene nanochannels on graphite due to specific bonding requirement. Furthermore, the 
corresponding driving pressures in their evaporation-induced water flow were estimated 
by MD simulation, and the accuracy of such estimation has yet to be validated.  
In this Chapter, we propose a hybrid nanochannel scheme to study the water capillary flow 
inside our graphene nanochannels. This method allows measurement of the hydraulic 
resistance of graphene nanochannel without knowing the capillary driven pressure 
(Alibakhshi et al. 2016). In addition, the capillary filling process can be visually observed 
under optical microscope, which is not feasible for water in carbon nanotubes.  
 
4.1 Method 
As shown in Figure 4.1, the hybrid nanochannel consists of a graphene nanochannel 
seamlessly connected with a silica nanochannel that has the same height and width. The 
graphene nanochannel is the channel to be investigated, and the silica nanochannel serves 
as the reference nanochannel whose hydraulic resistance (permeability) is known 
(Alibakhshi et al. 2016). Both ends of the hybrid nanochannel (i.e., the graphene end and 
the silica end) are open to allow water introduction for capillary filling. In a typical 
experiment, two capillary flow measurements are conducted in the hybrid channel, one 
starting from the graphene side and the other starting from the silica side. 
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Figure 4.1 Hybrid nanochannel design for water transport measurement in single graphene 
nanochannels. (a)(b) Schematic of the hybrid nanochannel design. The graphene 
nanochannel to be studied is connected to a silica nanochannel with known permeability. 
The capping layer of the nanochannel is removed in this schematic for better visualization 
and illustration. (a) Water fills the graphene nanochannel from the graphene side. The 
capillary flow constant A is calculated based on the meniscus movement. (b) Water fills 
the same graphene nanochannel from the silica side. The preceding silica nanochannel is 
filled before meniscus moving into the graphene nanochannel. The mass flow resistance 
ratio β between silica nanochannel and graphene nanochannel is calculated using the 
capillary constant A extracted from the previous filling experiment. 
 
First, water is introduced from the graphene side. Before water reaching the connection of 
the graphene-silica hybrid nanochannels, the meniscus position 𝑋1(𝑡)  is recorded and 
expected to follow the Washburn’s equation (Alibakhshi et al. 2016, Whitby et al. 2008) 
(Appendix 1): 
𝑋1(𝑡)
2 = 2𝐴𝑡 (4.1) 
For a channel with a rectangular cross section of large aspect ratio (𝑤 ≫ ⁡ℎ), the capillary 
flow constant A could be written as (Appendix 1): 
𝐴 =
1
𝜌𝑤ℎ
∆𝑃𝐺
𝑅𝐺
 (4.2) 
where ΔPG is the capillary driving pressure, RG is the mass flow resistance per unit length 
for graphene channel, ρ is the water density, w and h represent the width and height of the 
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channel, respectively. Although A can be determined by fitting the experimental data 𝑋1(𝑡) 
with equation (4.1), RG cannot be accurately calculated from this capillary filling 
measurement alone because A is also associated with the unknown capillary driving 
pressure. Since it is almost impossible to directly measure the capillary driving pressure, 
all the existing capillary filling measurements have either relied on Young-Laplace 
equation or MD simulations to estimate the driving pressure (Chauvet et al. 2012, Hamblin 
et al. 2011, Han et al. 2006, Haneveld et al. 2008, Oh et al. 2010, Qin et al. 2011, Radha 
et al. 2016, Sobolev et al. 2000, Tas et al. 2004, Thamdrup et al. 2007, van Delft et al. 
2007). Large inaccuracy thus may exist and could significantly affect the quantification of 
RG, particularly considering the fact that none of these theoretical estimations have been 
experimentally validated in carbon nanofluidic structures.  
To avoid the long-standing issue around the ΔPG determination, a second capillary filling 
measurement is performed when water is completely removed from the nanochannel via 
drying and re-introduced from the silica channel entrance. After the meniscus moved into 
the graphene nanochannel, the position of the meniscus 𝑋2(𝑡) was recorded and expected 
to be described by the following equation (Alibakhshi et al. 2016) (Appendix 1): 
𝑋2(𝑡)
2 + 2𝛽𝐿 ⋅ 𝑋2(𝑡) = 2𝐴𝑡 (4.3) 
𝛽 =
𝑅𝑆
𝑅𝐺
 (4.4) 
Here, t=0 is the time at which the meniscus enters the graphene channel, L represents the 
length of the silica nanochannel, and β is the ratio of the mass flow resistance per unit 
length between silica nanochannel (RS) and graphene nanochannel (RG).  
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Since β is not a function of the capillary driving pressure and can be estimated in equation 
(4.3) by typing in A as a constant known from the first capillary filling measurement and 
subsequently fitting the experimental data sets 𝑋2(𝑡)  with the equation, this hybrid 
nanochannel design can accurately determine the mass flow resistance ratio. The flow 
resistance of the graphene nanochannel, RG, can be consequently calculated, since the flow 
resistance of the silica nanochannel, RS, is known (See accuracy analysis in Appendix 2). 
 
4.2 Experiments 
4.2.1 Device and Measurement 
Figure 4.2(a) shows microscope images of one of the graphene-silica hybrid nanochannel 
devices used in this work. All these devices were fabricated using the aforementioned 
fabrication method that involves nanochannel fabrication, graphene transfer and patterning 
as well as anodic bonding (Xie et al. 2016). Each of these devices includes 30 nanochannels 
(3 μm wide each) bridging two microchannels (Figure 4.2(a)) and around 10 nanochannels 
will become hybrid graphene-silica nanochannels after graphene patterning. The lengths 
of graphene and silica nanochannel for each hybrid nanochannel are accurately measured 
from the microscopic image (Figure 4.2(b)) due to the clear optical contrast.  
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Figure 4.2 Microscope images of fabricated hybrid nanochannel after anodic bonding. (a) 
30 Nanochannels bridge two microchannels. (b) Zoom in of (a). The graphene nanochannel 
seamlessly connects to the silica nanochannel with the same height. Neighboring 
nanochannels were separated 100 μm apart. 
 
Overall, 24 devices with a wide range of channel heights from 24 nm to 124 nm have been 
fabricated and tested. Capillary filling measurements were conducted in these devices 
using de-ionized water (Resistivity: 18MΩ-cm, pH=6.2–6.4 due to CO2 adsorption), and 
the menisci locations were tracked by a monochromatic high-speed camera (PHOTRON 
FASTCAM Mini UX50) mounted on an optical microscope (OLYMPUS BH2).  
  
50 
 
Figure 4.3 Typical capillary filling results for 105-nm-high hybrid nanochannel. The 
bottom of each subfigure is replotted from the top (original) in another colormap for better 
visualization as the meniscus is very difficult to trace under shallow channel. (a) Meniscus 
location as a function of time in the first capillary filling experiment which starts from 
graphene side. X1(t)-t follows a parabolic trend (blue dash line). The capillary flow constant 
A can be extracted from the best fitted blue dash line. (b) Meniscus location as a function 
of time in second capillary filling experiment which starts from silica side. Red dash line 
corresponds to the meniscus movement in preceding silica nanochannel. Black dash line 
corresponds to the meniscus movement when entering graphene nanochannel X2(t)-t, 
which deviates from the red dash line. The mass flow resistance ratio β can be determined 
from capillary flow constant A and the best fitted black dash line.  
 
The menisci locations as a function of time during the two capillary filling experiments 
were analyzed with a MATLAB image processing code and two typical results, one from 
a 105-nm-high channel and the other from a 25-nm-high channel are shown in Figure 4.3 
and Figure 4.4, respectively. Each capillary filling process was plotted in two different 
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colormaps to better show the meniscus position and the corresponding fitting curve 
simultaneously. For both nanochannels, the first capillary filling experiment started from 
the graphene side and the meniscus location 𝑋1(𝑡)  inside the graphene nanochannel 
showed a clear parabolic trend (blue dash line) as a function of time (Figure 4.3(a) and 
4.4(a)). Although the capillary driving pressure and mass flow resistance inside graphene 
nanochannel is unknown, the capillary flow constants A in these two cases can be extracted 
by performing curve fitting (blue dash line) to the experimental data. 
 
Figure 4.4 Typical capillary filling results for 25-nm-high hybrid nanochannel. The bottom 
of each subfigure is replotted from the top (original) in another colormap for better 
visualization as the meniscus is very difficult to trace under shallow channel. (a) Meniscus 
location as a function of time in the first capillary filling experiment. (b) Meniscus location 
as a function of time in the second capillary filling experiment. 
 
  
52 
In the second capillary filling experiment, when water was introduced from the silica side, 
water flowed through the silica nanochannel before entering the graphene nanochannel. 
While the meniscus movements still followed the Washburn’s equation and can be fitted 
using parabolic curves inside the silica nanochannels (red dash lines in Figure 4.3(b) and 
4.4(b)), they began to deviate from the fitted parabola upon the meniscus reaching the 
hybrid channel connection point (the black dash line) because the silica nanochannel and 
graphene nanochannel have different mass flow resistances and capillary driving pressures. 
Depending on the mass flow resistance ratio, the new meniscus movement inside the 
graphene nanochannel (the black dash lines) could be either faster (Figure 4.3(b)) or slower 
(Figure 4.4(b)) than those in the silica nanochannels (the red dash lines). In certain cases 
(e.g. Figure 4.4(b)), a linear correlation between the meniscus position and time was 
observed, indicating that most flow resistance originated from the preceding silica channel 
and a large value of β should be expected. By fitting the different meniscus movement 
inside the graphene nanochannel using equation (4.3) and capillary flow constant A 
extracted from the first filling experimenting, β can be determined as 1.6 and 4 for the 105-
nm-high and 25-nm-high nanochannels, respectively. 
4.2.2 Problems Encountered in Meniscus Movement Detection 
The meniscus is not always clear during the capillary filling process, especially in shallow 
nanochannels (~25 nm). As shown in Figure 4.4, the contrast between liquid phase and gas 
phase is extremely low in microscope snapshots and the meniscus movement can only be 
seen in spatiotemporal diagrams with special colormaps. For some other shallow channels, 
the meniscus movement is untraceable even in special colormaps. A typical filling result 
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of 25-nm-high channel is exhibited in Figure 4.5. The starting point of capillary filling 
process is pointed out in Figure 4.5, indicating the timestamp when microchannel is filled 
with water. However, no clear boundaries of liquid/gas phase in channel area can be seen 
in either colormaps. Therefore, it is impossible to extract resistance ratio from this channel. 
Corresponding filling results are abandoned.  
 
Figure 4.5 For some nanochannels, no clear boundaries between liquid phase and gas 
phase can be seen in both colormaps. a) Gray colormap, b) Lines colormap. 
 
For relatively high nanochannels, the meniscus can be clearly determined because of the 
contrast between liquid phase and gas phase. However, the meniscus movement may not 
follow Washburn equations (equations (4.1) and (4.3)) if the graphene surface is 
heterogeneous. As shown in earlier sections, residues and defects could be introduced to 
graphene surface during the fabrication process. The heterogeneous graphene surface can 
cause distorted meniscus movement inside nanochannel and makes it difficult to extract 
the resistance ratio. The spatiotemporal diagrams presented in Figure 4.6 shows typical 
distorted meniscus movement inside a 102-nm-high channel. According to the filling 
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results from both ends of the channel, the meniscus movement is impeded by two marked 
residues in nanochannel. The positions of impeded movement stay the same in both filling 
results. Therefore, for some nanochannel, although the meniscus can be clearly located, the 
resistance ratio cannot be extracted due to the meniscus distortion. Fortunately, the 
meniscus distortion was only observed in small portion of channels. Corresponding filling 
results in these channels are also abandoned. 
 
Figure 4.6 Meniscus movement distortion observed in a 102-nm-high channel. a) Filling 
start from the lower end of channel. b) Filling start from the upper end of channel. 
 
4.3 Experimental Results and Analysis 
4.3.1 Flow Resistance Ratio β 
We performed similar experiments and analysis for all graphene-silica hybrid 
nanochannels of all 24 devices where the moving menisci can be clearly determined. The 
extracted, mass flow resistance ratio β is obtained as a function of the channel height for 
each device in Figure 4.7. Each column represents one hybrid nanochannel device and each 
data point represents one hybrid nanochannel. Our results show that β varies between 0.5 
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and 4 for our graphene nanochannels and there is no clear relation between the flow 
resistance ratio and the channel height. In fact, β can drastically change even for the same 
channel height.  
 
Figure 4.7 Measured mass flow resistance ratio β in hybrid nanochannels with heights 
varying from 24 nm to 124 nm. Heights of the nanochannels are marked on the top. The 
grey bar plot shows the ratio calculated from equation (4.5) by assuming a constant slip 
length of 10 nm at the graphene surface. 
 
Such variation of the mass flow resistance ratio β is not expected. If we assume that the 
quality and coverage of graphene inside channel is perfect for all of our measured hybrid 
nanochannel devices, the observed flow enhancement should be attributed to the slippage 
inside our graphene nanochannel. Based on the Navier-Stokes equation (section 2.1.3), the 
mass flow resistance ratio in the hybrid nanochannel can be derived as: 
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 (4.5) 
Where 𝜂 is the water viscosity, LSlip,G is the water slip length at the graphene surface. All 
variables with subscript, G, correspond to the properties in the graphene nanochannel, 
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whereas the variables with subscript, S, represent the properties in the silica nanochannel. 
If the average fluid properties (density, viscosity) are the same in both graphene and silica 
nanochannels (Alibakhshi et al. 2016, Mortensen and Kristensen 2008, Phan et al. 2009, 
Wang et al. 2010), the mass flow resistance ratio is only related to the nanochannel 
geometry and the water slip length, LSlip,G. Consequently, it is expected that the mass flow 
resistance ratio would slightly increase with decreasing channel height for a constant 
graphene slip length (see gray bar plot in Figure 4.7) and have a minimum value of 1 in the 
case of LSlip,G=0. The fact that some of our measured mass flow resistance ratios (β) can 
pose values less than one thus suggests that the graphene quality and coverage are not 
perfect for the graphene nanochannels investigated in this study and the measured mass 
flow resistance ratios (β) may not correspond to those with full graphene coverage on the 
bottom of the nanochannel. This indicates that the fabrication method we used may not 
guarantee perfect graphene coverage and quality inside the graphene nanochannels 
especially for those deep channels although 25-nm-high graphene nanochannels prepared 
by this method have shown good coverage and quality before (Xie et al. 2016). In fact, 
incomplete coverage, scratch/crumpled graphene, and left-over polymer residues can be 
observed in some of the graphene nanochannels deeper than 30 nm under the microscope 
although most area within the channel appears to be uniform. We hypothesize that these 
coverage/quality issues are mainly associated with the fatigue crack during the graphene 
nanochannel fabrication (Hong et al. 2016). When graphene is wet-transferred onto surface 
with patterned micro/nanostructures, the strong localized stress could cause the fatigue 
crack of graphene at the edge of the micro/nanostructures during the drying and baking 
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process (Hong et al. 2016). Thus, the graphene in nanochannel area, corresponding to the 
graphene between neighboring fatigue cracks, is more fragile than graphene on planar 
surface and is more likely to be damaged during the following anodic bonding process. 
Furthermore, higher nanochannels are more prone to have such fatigue-crack related issues 
as the greater height-to-width ratios of these nanochannels would lead to higher stress.  
4.3.2 Capillary Driven Pressure ΔPG 
Since such bad coverage and quality of graphene should directly affect the graphene 
surface energy and change the capillary driving pressure of the graphene nanochannel, we 
extracted the capillary pressure ΔPG of all graphene nanochannels based on equation (4.2) 
and correlated them with the mass flow resistance ratio β in Figure 4.8. The capillary 
pressure is normalized with a pressure based on the Young-Laplace theory (ΔP0 = 2γ/h). 
According to our data, the shallower channels tend to have smaller ΔPG and greater β while 
deeper channels show greater ΔPG and smaller β. This resonates well with our previous 
hypothesis of graphene quality/coverage in graphene nanochannels.  
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Figure 4.8 The extracted capillary pressure ΔPG vs. the mass flow resistance ratio β. Each 
symbol represents the channels with certain range of heights, e.g. data of “30nm” marked 
as blue squares include data from 34 nm and 37 nm high hybrid nanochannels shown in 
Figure 4.7. 
 
Theoretically, from the viewpoint of surface energy (Huang et al. 2006), the capillary 
pressure in our graphene nanochannel can be expressed as: 
∆𝑃𝐺 =
𝑐∆𝑃𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + (1 − 𝑐)∆𝑃𝑆𝑖𝑂2 + ∆𝑃𝑆𝑖𝑂2
2
 (4.6) 
Here c represents the effective coverage of graphene on the channel floor, ΔPGraphene is the 
effective capillary pressure inside the graphene channel with complete graphene coverage, 
and ΔPSiO2 is the capillary pressure inside the silica channel. As exhibited in Figure 4.8, the 
maximum ΔPG value of our graphene nanochannel can be as high as 0.9ΔP0, which is very 
close to the value of silica nanochannel (Alibakhshi et al. 2016). This thus corresponds to 
the least coverage of graphene and/or worst quality of graphene. On the other hand, the 
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minimum ΔPG value of our graphene nanochannels is around 0.1ΔP0, which was mainly 
observed in the graphene nanochannels with heights below 30 nm. Given that ΔPSiO2 is 
close to 0.9ΔP0 and graphene in these shallow channels have complete coverage and best 
quality (Xie et al. 2016), the limit of capillary pressure ΔPGraphene is thus closed to -0.7ΔP0.  
This value is greater than the predication based on the Young-Laplace equation if bulk 
liquid-vapor surface tension and advancing contact angle measured on plain graphene 
surface were used (Raj et al. 2013), indicating that the nanoscale confinement, fabrication-
induced stress (Xiong et al. 2013) and the rapid capillary filling process itself (Deng et al. 
2016) may significantly affect the surface energy and the contact angle, which is worthy of 
further investigation.  
Nevertheless, our results show that the extracted capillary pressure ΔPG can be considered 
as a good measure of the graphene coverage/quality inside the graphene channel. If we 
assume that the ΔPGraphene has a constant value of -0.7ΔP0 for all graphene nanochannels 
regardless of the actual graphene coverage and quality, we can estimate the graphene 
coverage in the graphene nanochannel from ΔPG based on equation (4.6).  The estimated 
graphene coverage c is correlated with the measured mass flow resistance ratio β in Figure 
4.9.  Since most of the graphene nanochannels with mass flow resistance ratio less than 1 
have graphene coverage less than 60%, we believe that the observed capillary flow 
impediment (β<1) comes from the bad quality and coverage of graphene inside channels. 
Consequently, these data cannot reflect the true water slippage of graphene surface and 
thus we only focus on discussing results from the graphene nanochannels with mass flow 
resistance ratio greater than 1. 
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Figure 4.9 The extracted mass flow resistance ratio β vs. graphene coverage calculated 
from equation (4.7). The symbol representations are the same as Figure 4.8. 
 
Considering the partial coverage, the mass flow resistance ratio β0 for complete graphene 
coverage can be correlated with the measured flow resistance ratio β based on the relation 
of resistances in series:  
1
𝛽⁄ =
𝑐
𝛽0⁄
+ 1 − 𝑐 (4.7) 
Figure 4.10 plots the experimentally-extracted flow resistance ratio β0 for each graphene 
nanochannel, which still does not show specific height dependence and has values between 
1 and 4. According to equation (4.5), the maximum value of 4 could only be achieved when 
the slip length of graphene surface approaches infinity (or at least on the order of magnitude 
of 1 μm), which is much larger than all reported values for planar graphene surfaces, 
including both experimental and theoretical works. This apparent conflict suggests that we 
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should consider changes of other fluid properties inside the nanochannels when extracting 
the slip length of graphene surface.  
 
Figure 4.10 The extracted mass flow resistance ratio β0 considering partial graphene 
coverage for each individual hybrid nanochannels with ratio β>1. 
 
4.3.3 Slip Length on Graphene Surface LSlip,G 
It has been reported that the smooth and hydrophilic silica surface can absorb a layer of 
stagnant water with extremely high viscosity and average thickness (δ) of 0.7 nm 
(Alibakhshi et al. 2016, Haneveld et al. 2008). However, for water molecules in contact 
with nonpolar surfaces like graphene, this immobilized hydration layer has not been 
observed (Goertz et al. 2007, Li et al. 2007, Ortiz-Young et al. 2013, Sendner et al. 2009). 
The presence/absence of this immobilized water layer thus would result in changes of 
effective channel height and the correlation between β0 and LSlip,G (Inset of Figure 4.11a).  
We considered this effect and calculated the slip length of graphene surface for each 
individual nanochannel based on equation (4.5) and equation (4.7). Results are presented 
in Figure 4.11(a). The effective height of the silica channels has been adjusted from hS to 
hS-2δ and the effective height of the graphene channels is adjusted from hG to hG-δ since 
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the ceiling of our graphene channel is still silica. The extracted slip length exhibits several 
interesting and unexpected characteristics. First of all, it spans two orders of magnitude 
from 0 to 200 nm and does not show clear dependence on the channel height. Secondly, 
the extracted slip length seems to follow a log-normal distribution (LSlip,G ~ lognormal (µ, 
σ2) ) well and the statistical median is 16 nm. This statistical median is much smaller than 
most MD simulation prediction (40~100 nm) (Falk et al. 2010, Kumar Kannam et al. 2012, 
Thomas and McGaughey 2008) and the large variation of the slip length has not been 
reported before. To ensure these unexpected characteristics can be completely attributed to 
the water slippage in the graphene nanochannels, we further examined our assumption and 
our data analysis approach. Since the assumption of a constant ΔPGraphene (ΔPGraphene =           
-0.7ΔP0) could underestimate the actual graphene coverage in the graphene channels if the 
survived graphene in graphene nanochannels has bad quality and less negative capillary 
driving pressure than -0.7ΔP0, the calculated slip length (shown in Figure 4.11(a)) may 
overestimate the slip length of graphene. We thus also calculated the slip length of 
graphene based on the assumption of full graphene coverage for all channels. This would 
ignore all possible flow impediment induced by imperfect graphene inside nanochannel 
and would only underestimate the actual slip length. The results are presented in Figure 
4.11(b). Clearly, the slip length calculated based on the assumption of full coverage still 
shows a large variation of values between 0 and 200 nm, with a statistical median of 7 nm. 
In addition to this conservative approach, we also examined the slip length of nanochannels 
with graphene coverage more than 90% where the additional water flow impediment due 
to incomplete coverage is negligible and observed a similar range of variation. 
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Figure 4.11 The extracted slip length (LSlip,G) based on equation (4.5) for each individual 
hybrid nanochannels with β0 great than 1. Height of the nanochannels are marked on the 
top. (a) The extracted slip length (LSlip,G) with the consideration of graphene 
coverage/quality in the nanochannel. This analysis may overestimate the actual slip length 
and is labeled as “Upper Limit”. Histogram on the right shows that the extracted slip length 
seems to follow a lognormal distribution with the statistical median of 16 nm. (b) The 
extracted slip length (LSlip,G) without the consideration of graphene coverage/quality in the 
nanochannel. The complete graphene coverage is assumed for all the tested channels. This 
analysis underestimates the actual slip length and will give us a “Lower Limit” of the actual 
slip length. Histogram on the right shows the lognormal distribution of extracted slip length 
with the statistical median of 7 nm.  
 
Therefore, we believe that the small-yet-widely-varying values of the graphene slip length 
are true characteristics of water slippage in the graphene nanochannels. The extracted 
statistical median of the measured slip length (LSlip,G =16 nm) is smaller than what has been 
estimated in graphene capillaries made of pristine multilayered graphene (LSlip,G = 60 nm) 
(Radha et al. 2016), but is actually quite close to the reported slip length of single CNT 
with a diameter of 50 nm (LSlip,G =17 nm) (Secchi et al. 2016), where the curvature effect 
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is relatively small. Since there is a large difference between the reported surface charge 
density, 𝜎, in these two previous studies (𝜎 ≈ 0.05 mC/m2 in (Radha et al. 2016) and 𝜎 ≈ 5 
mC/m2 in (Secchi et al. 2016) and (Secchi et al. 2016)), we hypothesize that the small-yet-
widely-varying values of the graphene slip length are associated with functional groups 
and surface charges on the graphene surface. According to our ion transport study in 
graphene nanochannels and several recent studies of graphene electrochemistry from other 
groups, the graphene surface made of the CVD process also has certain surface charges 
(Ambrosi et al. 2014, Chen et al. 2009, Ping and Johnson 2016, Xie et al. 2016, Zhong et 
al. 2014). The corresponding surface charge density is found to be insensitive to the 
effective ion concentration and pH at low salt concentrations (Xie et al. 2016), suggesting 
that it may be only related to the graphene properties themselves. The presence of such 
surface charges could decrease the surface smoothness of a potential energy landscape as 
well as the hydrophobic nature of the graphene surface, consequently reducing the flow 
slippage. In addition to surface charges, the underlying silica substrate may also contribute 
to the decrease of the flow slippage, as the interaction between water molecules and this 
polar hydrophilic substrate cannot be totally screened by the single layer graphene (Rafiee 
et al. 2012, Shih et al. 2013, Shih et al. 2012).  
 
4.4 Molecular Dynamics (MD) Simulation 
To further confirm these two effects, we performed molecular dynamics (MD) simulations 
using typical parameters for water-water and water-carbon interactions (Appendix 3) for 
2-D graphene nanochannels with single-side graphene coverage and four different types of 
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graphene surfaces:  a) pristine graphene without underneath silica substrate; b) pristine 
graphene in intimate contact with the underneath silica substrate; c) graphene oxide surface 
(graphene surface with 0.135% randomly distributed carboxyl groups) in intimate contact 
with the underneath silica substrate; and d) graphene oxide surface (graphene surface with 
0.5% randomly distributed carboxyl groups) in intimate contact with the underneath silica 
substrate (Figure 4.12(a)). The surface occupancy of carboxyl groups in c and d was chosen 
in accordance with the average surface charge density (8 mC/m2) measured in our previous 
graphene nanochannel ion transport study (Xie et al. 2016) and the maximum surface 
charge density of graphene reported in literatures (32 mC/m2) (Ping and Johnson 2016), 
respectively.  Due to limitations of computational power, the nanochannel height in the 
MD simulation is set as h = 1.8 nm. Although this height is one order of magnitude smaller 
than the nanochannel height used in our experiment, it is large enough to exclude the 
appearance of layered water structures that occurs at h < 1.4 nm (Wei et al. 2014). A 
quantitative understanding is still expected, since the slip length would not change with the 
channel height beyond h = 1.4 nm.  
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Figure 4.12 MD simulations of water slippage in 2-D graphene nanochannels. (a) 
Simulation snapshots that illustrate the molecular models of water confined between 
graphene (with or without the silica substrate) and silica.  (b)(c) The flow resistance ratio 
β and slip length LSlip, G calculated from our MD simulation results. For oxidized graphene, 
we consider the relative surface density of carboxyl groups, i.e. the ratio between the 
number of carboxyl groups and that of carbon atoms in graphene, cCOOH = 0.135% and 
0.5%, respectively. 
 
The flow resistance ratio in these four cases are 6.55, 6.52, 5.37 and 4.29 corresponding to 
graphene slip lengths of 90, 75.2, 10.80 and 3.30 nm, which were calculated from LSlip,G = 
η/λ. Here η is the shear viscosity and λ is the wall friction coefficient that is calculated from 
autocorrelation function of the interfacial friction force in equilibrium MD simulations, 
based on the Green-Kubo formalism (Falk et al. 2010, Wei et al. 2014). The calculated 
flow resistance ratios are larger than the maximum theoretical prediction of equation (4.6) 
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perhaps because the MD simulation results also show that even bare silica surface has a 
finite slip length of 0.4 nm albeit in contradiction to our previous experimental water 
transport study of silica nanochannels (Alibakhshi et al. 2016). Nevertheless, it is clear 
from the MD simulation that the nanochannels with graphene surface c and d yield the 
smallest flow enhancement and slip length, which are followed by the nanochannel with 
graphene surface b and then the nanochannel with graphene surface a. Furthermore, higher 
coverage of functional groups and thus higher surface charge densities tend to further 
decrease the flow enhancement and slippage of graphene surface. It is worth mentioning 
that slip length in case c (LSlip,G=10.8 nm) is actually in agreement with the statistical 
median of extracted slip length, proving that the surface charge and underneath substrate 
can indeed affect the slip length of graphene significantly.  It is also worth mentioning that, 
in addition to using the equilibrium MD simulation, we also calculated the graphene slip 
length of all four cases using the non-equilibrium MD simulation approach and found the 
results were very consistent with each other (Appendix 3). 
The effects of graphene surface charge and the underlying silica substrate can also explain 
the large variation of the extracted slip length. We notice that surface charge densities of 
graphene can vary from nearly 0 to 32 mC/m2 (corresponding to ~0.5% coverage of 
hydroxyl groups) according to several recent studies and our investigation of ion transport 
in graphene nanochannels (Ambrosi et al. 2014, Chen et al. 2009, Ping and Johnson 2016, 
Xie et al. 2016, Zhong et al. 2014). We also notice that not all of the transferred graphene 
have perfect intimate contacts with the underlying silica substrate – AFM images show that 
in certain cases the apparent height difference between graphene and the surrounding silica 
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substrate could be as large as 5 nm despite ~0.3 nm of the graphene thickness.  Because of 
these variations, both small and large slip lengths of graphene are expected to occur. The 
observed ultra-small slip length (e.g., less than 5 nm) likely corresponds to graphene 
surface with large surface charge density induced by surface functional groups and intimate 
contact with (strong interaction) the silica surface (case d). In contrast, the observed large 
slip length (e.g., 200 nm) would most likely correspond to graphene surface with negligible 
surface charge density and weak interaction with the silica substrate (case a).  In other 
words, it is conceivable that slip length of pristine graphene could be close to or even larger 
than 200 nm, which is still larger than the measured slip length of graphite (Maali et al. 
2008) and most MD simulations (Falk et al. 2010, Kumar Kannam et al. 2012, Thomas 
and McGaughey 2008) and thus is worthy of further investigation.  
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CHAPTER FIVE: ION TRANSPORT IN GRAPHENE NANOFLUIDIC 
CHANNELS 
Ion transport in nanofluidic conduits have been well studied in recent two decades. 
Although considerable progress has been made, most studies mainly focused on 
nanofluidic channels made of dielectric materials such as silica and alumina. The ion 
transport study in carbon nanofluidic structures remains underexplored. Different from 
existing nanochannels, ion transport in carbon nanofluidic structures might show different 
transport phenomena because of the large slip length at graphitic surfaces (Falk et al. 2010, 
Kumar Kannam et al. 2012, Maali et al. 2008, Thomas and McGaughey 2008) and special 
surface-ion interactions (Joshi et al. 2014). 
Recently, researchers focused on single CNT based nanofluidic platform have revealed 
many aspects of ion transport in CNTs (Choi et al. 2013, Geng et al. 2014, Lee et al. 2010, 
Liu et al. 2010, Liu et al. 2013, Pang et al. 2011). Lindsay et al. measured giant electro-
osmotic current in single CNT, two orders of magnitude higher than bulk prediction (Liu 
et al. 2010, Pang et al. 2011). Frictionless water flow were credited to the unexpected high 
electroosmotic flow and CNT diameter, electronic type of CNTs and barrier material could 
influence the measured ionic conductance. In the meantime, Strano et al. found oscillation 
of electroosmotic current in ultralong (>500 µm) CNT, which occurs from the blockage by 
cations (K+, Na+, Li+) in electrolyte solutions (Choi et al. 2013, Lee et al. 2010). The ion 
mobilities calculated based on blockage dwell time and were comparable to what being 
observed by Lindsay et al. (Pang et al. 2011). Strano et al. also claimed that the protons 
are the major ion conductors inside CNTs based on the current increase brought by 
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lowering solution pH. In contrast to these work, recent studies from Geng et al. (Geng et 
al. 2014) and Liu et al. (Liu et al. 2013) showed absent stochastic cation blockage in CNT-
lipid hybrid platform. In addition, no ionic current dropped is observed at low pH, 
suggesting that protons are not ion conductors inside CNTs. Their measured ionic 
conductivity for KCl-filled CNT was comparable to bulk KCl solution. Although this could 
be explained by ultrashort length of CNT (<20 nm) and the absence of surface charges, 
huge discrepancies among all the reported work remained unsolved. Later, enhanced 
proton mobilities were observed in CNT with diameter down to 0.8 nm while no 
enhancement was observed in 1.5-nm-diameter CNT, suggesting the important role of the 
strong spatial confinement in ion transport phenomena. Despite unique transport 
phenomena observed in single CNTs, which is currently the only platform for ion transport 
study in individual carbon nanofluidic structures, the existing controversies require further 
investigation. Sharing similar surface properties and nanoscale confinement, our GNC-
based carbon nanofluidic device provides an alternative path for understanding the 
transport in carbon nanofluidic structures and can possibly resolve the controversies in this 
community. In addition, our GNC-based carbon nanofluidic device can be integrated with 
planar micro/nanofluidic platform, holding promise to practical application in LOC 
systems.  
 
  
71 
5.1 Device and Measurement 
To understand ion transport in our graphene nanochannels, we measure ionic conductance 
of the nanochannels with three electrolyte solutions (KCl, NaCl and HCl) at various 
concentrations. Slightly different from the device used for water transport study in Chapter 
3, the nanochannels bridging microchannels are not hybrid. Instead, the nanochannel is 
uniformly covered with transferred and patterned graphene along the length direction and 
a constant height (20 nm) is used.  
The measurement setup is shown in Figure 5.1. The reservoir is first filled with electrolyte 
solutions. Microchannels and nanochannels are automatically filled due to capillary effects. 
A pair of Ag/AgCl electrodes were immersed into the solutions in opposite-side-reservoirs. 
The electrodes are connected to a high-resolution sourcemeter (Keithley 6430) for 
measurement. The setup is placed inside a home-made Faraday shield to block 
electromagnetic waves. 
 
Figure 5.1 (a) Test device and measurement setup. (b) Effective resistance network. 
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DC voltage is applied between the electrodes in a range of -100mV to 100mV and DC 
current is measured. I-V (current-voltage) curves are analyzed and ionic conductance are 
calculated consequently. In fact, the measured conductance is a result combining both 
connecting microchannels and bridging nanochannels. Corresponding resistance network 
of our measurement is presented in Figure 5.1(b). However, we quantified the 
microchannel conductance by placing electrode pairs on the same side of nanochannel (the 
microchannel bridges two reservoirs) and found that the microchannel conductance is at 
least 3 orders of magnitude higher than nanochannel conductance. This indicates that the 
microchannel resistance is negligible in the resistance network shown in Figure 5.1(b) and 
the measured conductance can represent the conductance of nanochannel.  
In this thesis, two different types of devices are tested and their schematics are shown in 
Figure 5.2(a): 
Type I: Plain silica nanochannel device. No graphene is transferred onto the nanochannel. 
Silica nanochannel chip is directly bonded to glass reservoir chip. 
Type II: Graphene nanochannel device. Graphene is transferred onto silica chip and 
patterned into strips covering nanochannel area before bonding. 
Type I devices, having the same geometries with Type II devices, serve as our experimental 
control for graphene nanochannel devices. Figure 5.2(b) shows the typical I-V results from 
our DC measurement and ionic conductance is calculated by G=ΔI/ΔV. The data was 
collected from both types of devices with 10-5 M KCl solutions. Clearly, graphene channels 
showed slightly higher conductance (~400 pS) than silica channels (~300 pS). 
Nanochannel devices were filled with KCl and HCl solutions at different concentrations 
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and measured ionic conductance were exhibited in Figure 5.2(c) and 5.2(d), respectively. 
All the collected conductance data are averaged from measurements of at least three 
different devices. 
 
 
Figure 5.2 Ionic conductance measurement results for nanofluidic devices. (a) Schematics 
of two types of devices. (b) Typical conductance measurement results obtained from silica 
channel and graphene channel with identical geometry at 10-5 M KCl solutions. (c)(d) 
Measured ionic conductance for two types of devices at different KCl (c) and HCl (d) 
concentrations. 
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5.2 Results and Discussion 
5.2.1 Enhanced Ionic Conductance at Low Concentrations 
It is clear from Figure 5.2(c) and 5.2(d), for both KCl and HCl solutions, the ionic 
conductance of silica nanochannels (Type I) and graphene nanochannels (Type II) 
approaches a bulk behavior, i.e., the nanochannel ionic conductance is proportional to bulk 
concentration, when the electrolyte concentration is high (0.01 M ~ 1 M). This could be 
explained by negligible electrostatic ion screening effect at high concentration. 
Furthermore, the measured conductance of both Type I and Type II nanochannels at 1 M 
solutions is exactly the same as the theoretical prediction based on bulk ionic concentration 
and mobility. At low concentrations (10-6 M to 10-4 M), the ionic conductance exhibit 
saturation for both silica and graphene nanochannel devices — the nanochannel ionic 
conductance is nearly constant and independent of bulk concentration. This result agrees 
well with the previously reported, surface-charge-governed ion transport inside nanofluidic 
channels (Stein et al. 2004). At the transition between low and high concentration regime 
(10-4 M to 0.01 M), the ionic conductance for graphene channels shows a slight increase as 
the concentration increases. This scaling behavior exhibited here can be expressed in the 
form of 𝐺~𝐶𝑏𝑢𝑙𝑘
𝛼 , where the exponent term α≈1/3. Similar power law behavior has been 
observed for ion transport in carbon nanotubes (Pang et al. 2011, Secchi et al. 2016). Secchi 
et al. have proposed that the adsorption and/or covalent bonding of hydroxyl group onto 
carbon nanotube surfaces could explain this scaling behavior (Secchi et al. 2016). 
Similarly, the oxygen containing functional groups on graphene surfaces can be the origin 
of the power law behavior in our graphene channel devices.  
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It should be noted that for KCl solutions, the conductance of graphene nanochannels 
appears consistently higher than that of silica nanochannels in the surface-charge-governed 
regime (i.e., low and intermediate concentrations), although the difference diminishes at 
high concentrations. The negligible conductance difference between Type I and Type II 
devices and good agreement between measurements and theoretical predictions at high 
concentrations indicate no additional fluidic pathway available other than silica and 
graphene nanochannels. Accordingly, no electrokinetic flow will occur outside 
nanochannels, ruling out the possibility of parasitic conductance in graphene nanochannels 
caused by incidental leakage formed in the bonding process.  
Therefore, the higher ionic conductance measured in graphene nanochannels at low 
concentrations could be due to electrochemical conductance from graphene strips 
themselves and/or enhanced electrokinetic flow inside graphene nanochannels. However, 
higher ionic conductance from graphene channels is not observed in HCl solutions, where 
proton is the only available cation. It is well known that proton is directly involved in 
surface-dissociation reactions (e.g., 𝑅 − 𝑂𝐻
𝐾𝑑
⇔ [𝑅 − 𝑂]− + [𝐻]+ ) as well as the 
electrochemical reaction occurring at the graphene/solution interfaces ( 2H2O ⇌⁡
4H+ +4e−(graphene) + O2(aq)) (Chakrapani et al. 2007, Levesque et al. 2011). These 
two type of reactions in HCl-filled graphene nanochannels are expected to be significantly 
different from those in KCl-filled graphene nanochannels. Since the former reaction creates 
surface charges and affects electrokinetic flow while the latter reaction has direct influence 
on the electrochemical reaction induced conductance, the different trends of ionic 
  
76 
conductance between HCl and KCl solutions most likely result from different degree of 
the surface-dissociation and electrochemical reactions in these two solutions.  
 
5.2.2 Electrochemical Contribution to Measured Conductance 
To understand the electrochemical contribution in measured conductance of Type II 
devices, we compare the measured KCl conductance with NaCl conductance in the exact 
same device. Since the possibly involved electrochemical reaction (Chakrapani et al. 2007, 
Levesque et al. 2011) does not involve K+, Na+ and Cl-, electron transfer rate at 
graphene/solution interface of the exact device should be the same for KCl and NaCl 
solutions at same concentration. Accordingly, the conductance from electrochemical 
reaction should also be the same for both solutions at the same concentration. We assume 
this electrochemical conductance is G(n), as it could only be the function of ionic 
concentration, n. The conductance solely coming from electrokinetic flow inside graphene 
nanochannels is defined as GK(n) and GNa(n) representing those with KCl and NaCl 
solutions, respectively. The total conductance for graphene channel devices thus can be 
viewed as the sum of electrochemical conductance and electrokinetic conductance. Here 
the total conductance ratio of KCl and NaCl solutions, 𝜏 =
𝐺𝐾(𝑛)+𝐺(𝑛)
𝐺𝑁𝑎(𝑛)+𝐺(𝑛)
, serves as an 
important indicator for the contribution of electrochemical conductance G(n). If τ is 
independent of n and always close to 1, G(n) is more dominant in the entire system. In 
contrast, if 𝜏~𝜏𝐸𝐾𝐹 =
𝐺𝐾(𝑛)
𝐺𝑁𝑎(𝑛)
, G(n) becomes negligible compared with the electrokinetic 
conductance. 
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We use our Poisson-Nernst-Planck (PNP) model to calculate 𝐺𝐾(𝑛) and 𝐺𝑁𝑎(𝑛) for KCl 
and NaCl solutions from 10-6 M to 1 M and then calculate the theoretical conductance ratio 
solely from electrokinetic flow, 𝜏𝐸𝐾𝐹. The details are explained in section 5.3.2. Briefly, 
our model assumes that there are 4 major ions in KCl (NaCl) solution, including K+ (Na+), 
Cl-, H+ and OH-. H
+ concentrations are further assumed to be equal to 10-6 M due to CO2 
adsorption and dissociation during the actual experiments (pH~6 for bulk solution).  The 
simulation curve (dashed line) is displayed in Figure 5.3 as a reference. At very low 
concentrations (e.g. 1 µM), surface charge governs the ion concentration inside 
nanochannel. Consequently, only cations would contribute to the electrokinetic 
conductance due to negative surface charges and overlapped electrical double layers. The 
contributing cations include both K+ and H+ because the proton concentration is 
comparable to major cations K+/Na+ concentration. Since proton mobility (36.27×10-8 
m2V-1s-1) is much higher than mobilities of K+ (7.6×10-8 m2V-1s-1) and Na+ (5.19×10-8 m2V-
1s-1), the electrokinetic conductance at such low concentrations would actually mainly be 
determined by the proton transport inside the nanochannels, and the conductance ratio 𝜏𝐸𝐾𝐹 
is close to 1 at 1 µM. As the bulk concentration increases (from 10-6 M to 10-4 M), while 
ion concentrations in the nanochannels are still governed by surface charge, contribution 
from protons becomes less significant due to their relative low concentration compared to 
K+ (Na+), and the conductance ratio 𝜏𝐸𝐾𝐹 becomes more dominated by the electrophoresis 
of K+ and Na+ inside channel. Therefore, 𝜏𝐸𝐾𝐹 should increase with the increasing bulk 
concentration and become more and more close to the mobility ratio of K+ to Na+ 
( 𝜇𝐾+/𝜇𝑁𝑎+ = 1.46).   Our simulation shows the conductance ratio 𝜏𝐸𝐾𝐹  reaches the 
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maximum value (𝜏𝐸𝐾𝐹  = 1.35) at the concentration of 0.1 mM. This maximum value is 
slightly smaller than the mobility ratio of K+ to Na+, which can be explained by the presence 
of electroosmotic flow since its contribution to the total ionic conductance does not depend 
on the type of monovalent cations in solution. As the bulk concentration continues 
increasing, electric double layers are no longer overlapping inside nanochannels. 
Electrophoretic flow contributed by anions (Cl-) cannot be ignored because its 
concentration becomes comparable to cations (K+, Na+) inside nanochannel. The 
conductance ratio thus decreases as the increasing bulk concentration and finally becomes 
close to the mobility ratio of the sum of cations and anions,⁡
𝜇
𝐾+
+𝜇𝐶𝑙−
𝜇𝑁𝑎++𝜇𝐶𝑙−
=1.18, as the bulk 
concentration approaches 1 M. 
 
 
Figure 5.3 Experimental and theoretical ionic conductance ratio (KCl/NaCl) for Type I 
(silica) and Type II (graphene) devices. All the devices tested have the exact same 
geometry. 
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The conductance ratio of KCl and NaCl solutions is calculated based on conductance 
measurement result of the same device. To avoid time variation and contamination issue, 
measurements for twin solutions at all concentrations were carried out consecutively within 
10 hours. Three Type II devices (graphene channel) and one Type I devices (silica channel) 
were tested and results are also exhibited in Figure 5.3. The experimental data collected 
from both Type I and II devices agree with our simulation curve where only the 
electrokinetic flow is considered, exhibiting an increasing and decreasing trend with 
monotonously increasing bulk concentration. This result convinces us that the measured 
conductance in Type II devices can reflect the electrokinetic conductance inside the 
graphene nanochannels to a large extent. Consequently, the higher conductance measured 
in Type II devices for KCl solutions mainly comes from the enhancement of electrokinetic 
flow in the graphene nanochannels. 
 
5.2.3 Poisson-Nernst-Planck (PNP) Modeling 
A 2-D domain is built to model the ion transport inside our nanochannel (Daiguji et al. 
2004). As exhibited in Figure 5.4, the domain includes two 1 µm by 1 µm reservoir. The 
nanochannel under investigation is 1 µm long and 20 nm in height. In this model, Poisson 
equation (equation (2.19)) is used to solve for the distributions of electrical potential and 
ion concentrations. The boundary condition of the Poisson equation is 
−∇𝜑 =
𝜎
𝜀0𝜀𝑟
 (5.1) 
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which can be derived from Gauss’s law. Instead of assuming a constant surface charge 
density for our channel wall, the dissociation mechanism of surface functional groups is 
considered and surface charge density 𝜎 can be derived as (Israelachvili 2011, van der 
Heyden et al. 2005):  
𝜎 = 𝜎0𝛼 =
𝜎0𝐾𝑑
𝐾𝑑 + [𝐻+]
 (5.2) 
𝜎0 is the maximum possible charge density (-1.28C/m
2 for silica surface). 𝛼 is the fraction 
of dissociated sites. 𝐾𝑑 is the equilibrium dissociation constant (10
-6 M) (van der Heyden 
et al. 2005, van Hal et al. 1996). [𝐻+] is the proton concentration at the channel wall. Using 
this boundary condition, we can solve the distributions of electrical potential and ion 
concentrations for different solutions (KCl, NaCl, HCl) inside the channel using COMSOL 
Multiphysics. Nernst-Planck equations (equations (2.30) and (2.32)) are then used to 
calculate the electrophoretic and electroosmotic conductance.   
 
Figure 5.4 Schematics of the 2-D domain for modelling.  
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5.2.4 Enhanced Electrokinetic Transport at Low Concentrations 
Based on our analysis in section 5.2.2, the observed high ionic conductance results from 
the enhanced electrokinetic transport in graphene nanochannel. To further understand what 
causes enhanced electrokinetic transport in KCl-filled graphene nanochannels, one need to 
dissect the measured conductance and quantify all possible contributions. As discussed in 
section 2.2.5, electrokinetic flow includes electrophoretic flow (EPF) and electroosmotic 
flow (EOF). For most previous nanofluidic investigations using silicon-based devices, EOF 
is ignored compared with EPF based on the assumption of low surface charge density and 
no-slip boundary condition (Daiguji et al. 2004). However, in nanochannels with graphene 
coverage, EOF may significantly increase as a result of slip flow over charged graphene 
surfaces. In the meantime, EPF may also increase in graphene nanochannels due to 
increasing ionic concentrations if graphene surfaces exhibit higher surface charge densities 
than silica surfaces (Figure 5.5).   
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Figure 5.5 Electrokinetic conductance calculated based on the PNP model. (a) Physics 
involved in electrokinetic conductance for two types of devices. (b) Electrophoretic and 
electroosmotic conductance with no-slip/slip boundary at different surface charge densities 
(10-5 M KCl solutions). (c) Electroosmotic conductance with slip boundary at different slip 
lengths (10-5 M KCl solutions). 
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Since it is of great difficulty to experimentally decouple these two components (EPF and 
EOF) from each other, we use our Poisson-Nernst-Planck (PNP) model to distinguish their 
separate contributions and to quantify their dependence on transport properties including 
surface charge density and/or slip length. Different from the model methods mentioned in 
section 5.2.3, a surface charge density is given as boundary condition to calculate the 
electrokinetic conductance. Without loss of generality, we assume that the surface charge 
densities for silica and graphene surface are the same. The ionic concentration distribution 
and velocity profile inside the nanochannel are solved and EPF/EOF conductance are 
calculated accordingly. Figure 5.5(b) plots the calculated EPF conductance (black solid 
line) and EOF conductance (red solid line) as a function of preset surface charge density 
𝜎⁡(𝜎 varying from 3 to 6.5 mC/m2) for Type I devices filled with 10-5 M KCl solution. In 
these devices (silica channels with non-slip boundary conditions), the EPF conductance is 
around one order of magnitude higher than the EOF conductance and thus is responsible 
for the experimentally measured conductance. Different from Type I devices, 
nanochannels in Type II devices have one of the two major walls covered by graphene 
(Figure 5.2(a) and 5.5(a)). The boundary slip at the graphene/solution interface can provide 
a non-zero flow at the graphene surface (Figure 5.5(a)) and thus can increase the EOF 
conductance in these device as compared to the Type I devices. Figure 5.5(b) also plots the 
calculated EOF conductance (dashed lines) as a function of surface charge density for Type 
II devices filled with 10-5 M KCl solutions. Each of the dashed line corresponds to a 
different slip length at the graphene surface. According to our modeling results, although 
the EPF conductance is still higher than EOF conductance in this range of surface charge 
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density, the enhanced EOF conductance due to boundary slip at the graphene surface can 
be three times that in Type I devices (silica nanochannels with non-slip boundary) and can 
no longer be ignored even when the surface charge density is as low as 3 mC/m2. Our 
modeling results also indicate that high EOF conductance can be induced by increasing 
surface charge density and/or slip length. Among these two factors, EOF conductance is 
more sensitive to the surface charge density than to the slip length. The stronger 
dependence of the EOF conductance on surface charge density is better seen when 
replotting the EOF conductance as a function of slip length at different surface charge 
densities (Figure 5.5(c)). The EOF conductance increases mildly as slip length increases 
from 20 nm to 100 nm and saturates as slip length continues to increase to 500 nm. 
Meanwhile, a slight increase of the surface charge density from 3 mC/m2 to 5 mC/m2 can 
induce a threefold increase in EOF conductance. 
 
5.2.5 Surface Charge in Graphene Nanochannels  
Since surface charge density is crucial to both EPF and EOF conductance in graphene 
nanochannels, we extract the effective surface charge densities on silica and graphene 
surfaces by comparing our experimental results with theoretical predictions. Figure 5.6(a) 
shows a typical surface charge density extraction process from Type I device for KCl 
concentration of 10-5 M. The EPF conductance at different given surface charge density is 
shown as black solid line with diamond symbol. Modeling conductance for Type I device, 
which is the sum of EPF conductance and EOF conductance with no-slip boundary 
condition, is shown as red solid line with hollow circle symbol. For reference, the 
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horizontal dotted line shows the measured conductance of Type I device. According to the 
intersection of modeling conductance and experiment conductance, the effective surface 
charge density for Type I devices (silica surface) at 10-5 M KCl concentration reads 4.4 
mC/m2. 
 
 
Figure 5.6 Effective surface charge density extraction for silica and graphene based on 
experimental results. (a)(b) Comparision of ionic conductance between experiment value 
and theoretical modeling. (10-5 M KCl solutions). (c) Extracted effective surface charge 
density for Type I and Type II devices at different KCl concentrations. (d) Extracted 
effective surface charge density for Type I and Type II devices at different HCl 
concentrations. 
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For Type I devices, the ceiling and floor of channel are both silica rendering identical 
charge density for both surfaces. For Type II devices, while the channel ceiling is silica, 
the floor is covered by graphene. Assuming that the surface charge density for the channel 
ceiling is the same as Type I devices at the particular ion concentration, modeling 
conductance is calculated by parametrically sweeping the surface charge densities and slip 
lengths of graphene. Typical graphene surface charge density extraction process from Type 
II device at 10-5 M KCl concentration is shown in Figure 5.6(b). The EPF conductance is 
still shown as black solid line. Modeling conductance for Type II device is the sum of EPF 
conductance and EOF conductance with slip boundary condition at graphene surface. 
Modeling conductance is shown as blue solid lines, and each symbol represents a 
corresponding slip length (square: Ls = 20 nm; upward-pointing triangle: Ls = 40 nm; 
downward-pointing triangle: Ls = 100 nm). Accordingly, the effective surface charge 
density for graphene surface at 10-5 M KCl concentration reads 4.7–5.5 mC/m2 when slip 
length is between 20 nm and 100 nm. 
As of the slip length of water at graphene surface, a wide range of theoretical and 
experimental values have been reported. Maali et al. (Maali et al. 2008) have 
experimentally measured the slip length of 8±2 nm for water on a graphite surface. Later 
on, Thomas and McGaughey (Thomas and McGaughey 2008) have reported 
water/graphene slip length as 30 nm based on their MD prediction. Kannam et al. (Kumar 
Kannam et al. 2012) and Falk et al. (Falk et al. 2010) have also calculated the slip length 
of water on graphene surfaces separately, reporting 60 nm and 80 nm, respectively. These 
reported large slip lengths on stress-free graphene surfaces have been attributed to their 
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hydrophobic and atomically smooth surfaces. According to existing MD simulations, water 
molecules close to the graphene surface actually do not like to interact with the graphene 
surface, but form hydrogen bonds themselves. This results in a small gap (~ 2 Å) between 
the graphene surface and the first layer of water molecules and water can move along the 
graphene surface with very low friction, which in turns yields large slip lengths for stress-
free graphene (Park and Jung 2014, Xiong et al. 2011). In addition to these studies on 
stress-free graphene, Xiong et al. studied the effect of strain on water transport in graphene 
nanochannels and reported slip lengths of 26–173 nm when the strains applied to graphene 
change from -10% to 10% (Xiong et al. 2011). Despite the variation among all the reported 
water slip lengths on graphene surfaces with and without strains, our modeling results 
(Figure 5.5(c)) shows that the EOF conductance in our single-side-graphene-covered 
channel is not sensitive to the slip length within the range of 20–100 nm. Therefore, the 
influence of slip length to the EOF conductance in our single-side-graphene-covered 
devices is limited due to the no-slip boundary at the other surface. This is quite different 
from existing full-graphene-covered carbon nanofluidic structures including CNTs, CNT 
membranes and graphene oxide membranes where the EOF conductance is expected to 
change significantly with both the slip length and the surface charge density of graphene.  
Such dual dependence of EOF has made it impossible to quantify the separate contributions 
of surface charge density (which affects both EPF and EOF) and slip length (which affects 
EOF) to the observed enhanced ion transport in these carbon nanofluidic structures despite 
extensive studies over the last decade. In fact, a wide range of slip lengths and surface 
charge densities have been proposed to explain the enhanced conductivity of existing 
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nanofluidic structures (Choi et al. 2013, Hinds et al. 2004, Lee et al. 2010, Liu et al. 2010, 
Majumder et al. 2005, Pang et al. 2011). As our single-side-graphene-covered nanochannel 
limits the dependence of EOF on the slip length, we are able to decouple these two major 
factors and more insights could be obtained on the surface charge of graphene for the first 
time.  
Assuming that the water slip length at graphene surface is 40 nm, we extract the effective 
surface charge density, for silica and graphene surfaces at various KCl concentrations in 
the surface-charge-governed regime and the transition regime (Figure 5.6(c)). The effective 
surface charge densities thus reflect the contribution of the charged surface to the enhanced 
nanochannel conductance in these regimes.  Similar to the surface charge on silica formed 
by silanol deprotonation (Yates et al. 1974), the charge on graphene surface is known to 
originate from the dissociation of oxygen-containing functional groups on graphene 
(Dreyer et al. 2010, Li et al. 2008) in an aqueous environment (𝑅 − 𝑂𝐻
𝐾𝑑
⇔ [𝑅 − 𝑂]− +
[𝐻]+). As it is exhibited in Figure 5.6(c), the effective surface charge densities for silica 
and graphene increase with bulk concentration. This result can be explained by the shift of 
the dissociation reaction. As bulk concentration increases, the proton concentration inside 
nanochannels decreases. Therefore, the dissociation reaction would shift right to generate 
more surface charge. It can also be seen that the effective surface charge densities for the 
graphene surface are close to those for the silica surface in a wide range of KCl 
concentrations (Heller et al. 2010, Zuccaro et al. 2015). Accordingly, the EPF 
conductances for both Type I and Type II devices are close since they are governed by the 
surface charge density within the range of KCl concentrations (10-5 M ~ 10-2 M). Therefore, 
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the observed higher ionic conductance is majorly from the enhanced EOF conductance 
induced by boundary slip at graphene surface.  
Effective surface charge densities for silica and graphene surfaces in the presence of HCl 
are also extracted with the assumption that both surfaces are negatively charged (Figure 
5.6(d)). Apparently, the effective surface charge densities are smaller than those for KCl 
solutions. This observation could be explained by protonation of negatively charged  
functional groups (Fan et al. 2008). Higher proton concentrations in an HCl solution can 
suppress the dissociation reactions of surface hydroxyl groups, resulting in less surface 
charge density. However, this explanation cannot explain the sudden dramatic increase of 
the effective surface charge density for the silica surface from 10-4 M to 10-3 M and for the 
graphene surface from 10-3 M to 10-2 M. In fact, surface charge induced by the dissociation 
of the hydroxyl group should continuously decrease with the increasing HCl concentration. 
We believe that such a sudden increase of the effective surface charge density actually 
results from surface charge inversion of both surfaces. In parallel with the dissociation 
reaction of surface hydroxyl groups, proton adsorption (e.g. 𝑅 − 𝑂𝐻 + 𝐻+
𝐾𝑑
⇔⁡𝑅 − 𝑂𝐻2
+) 
would also simultaneously occur on the silica and graphene surfaces. Although this 
reaction is not prominent in nanochannels filled with KCl solutions and low-strength HCl 
solutions (because of the relatively low proton concentrations), the higher proton 
concentrations in intermediate- and high-strength HCl solutions would certainly facilitate 
it and thus lead to protonated, positively charged surfaces. Different from the negatively 
charged surface, these protonated surfaces will have two separate contributions to the 
enhanced nanochannel conductivities. On one hand, they will attract more anions (Cl-) 
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inside the nanochannels and the increase of anion (Cl-) concentration will yield higher 
conductivities compared with predictions based on the bulk concentrations. On the other 
hand, the adsorbed protons on such protonated surface are actually mobile as they can 
migrate along interfacial water or hop between surface functional groups, which thus can 
further increase the nanochannel conductivities (Lockwood and Garofalini 2009, 
Lockwood and Garofalini 2014, Mahadevan and Garofalini 2008, Nogami 2004, Nogami 
and Abe 1997, Nogami et al. 1998). As a consequence of such dual contributions from 
protonated surfaces, an increase of the effective surface charge density would occur after 
the surface charge inversion. The transition HCl concentration for this surface charge 
inversion is believed to be directly correlated to the isoelectric point (pI) of the surface. pI 
is the pH at which surface charges from the dissociation reaction and the proton adsorption 
reaction have the equal amount and the surface statistically carries no net charges. The 
different HCl transition concentrations for the glass and graphene surfaces reflect different 
pIs of these two surfaces, which is consistent with the previous studies (pI = 3.5 for silica 
and pI < 3.3 for graphene) (Zuccaro et al. 2015). Such different pIs for these two surfaces 
suggest that there are different reaction kinetics for the dissociation and proton adsorption 
on these two surfaces (Healy and Fuerstenau 2007). It is worth noting that, other than 
different reaction kinetics of these two reactions, the charge on the graphene surface is also 
related to the water molecule structure and orientation, as well as the specific adsorption 
of hydroxyl group (Kuznetsov and Papastavrou 2014). The effect of these mechanisms can 
be manifested particularly in HCl solutions because proton is highly involved in them and 
is the only available cation. 
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It is also worth noting that the graphene nanochannels investigated in this study only 
showed limited ion transport enhancement compared with silica nanochannels because of 
the absence of graphene on the channel ceiling. However, significant enhancement could 
be reached when inner surfaces of the channel are all covered by graphene. Our simulation 
results indicate that EOF conductance of such an all graphene nanochannel could be 20 
times higher than silica nanochannel with same height (~20 nm) and that the electroosmosis 
would be a dominant transport mechanism in comparison to electrophoresis.  These ideal 
graphene nanochannel devices can really harness the unique transport of carbon 
nanofluidics and deserve further investigation in the future work. 
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CHAPTER SIX: CONCLUSIONS AND FUTURE WORK 
This thesis presented experimental study of enhanced water and ion transport in 2-D 
graphene nanofluidic channels made by a MEMS-compatible fabrication approach. The 
planar structures and accurate geometric control of our fabrication technique have showed 
great potential in integrated micro/nanofluidic devices.  
Based on our 2-D graphene nanofluidic channels, we proposed a hybrid-channel scheme 
to unambiguously measure water transport in single 2-D graphene nanochannels and 
extract slip length of planar graphene even in the case of imperfect graphene coverage and 
quality. Our results indicate that the graphene surface charge and the effect of substrate 
could significantly influence the slip length of graphene, greatly enhancing our 
understanding of superfast water transport in carbon nanofluidics. We expect this method 
will also enable investigation of water transport in other graphitic conduits including single 
carbon nanotube and graphene nanopores as well as in single biological channels such as 
aquaporins if more sensitive approaches of tracing the meniscus (e.g., electrical methods) 
and precise fabrication methods of connecting the target conduit with a reference conduit 
are implemented. 
We also experimentally and theoretically studied ion transport in our graphene 
nanochannels using different electrolytes at various concentrations and compared our 
results with those in pure silica nanochannels. Our results confirm the boundary slip of 
graphene surface and characterize surface charge density on graphene in an aqueous 
environment for the first time. Knowledge learned from this study can thus guide the design 
of new GNC-based nanofluidic devices for both fundamental transport studies of carbon 
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nanofluidic and practical applications in LOC systems. For example, with help of the slip 
graphene surface, the streaming current inside graphene nanofluidic channels can be 
greatly enhanced and the integrated GNC-based nanofluidic devices can be used for power 
generation unit.    
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APPENDIX 1 WASHBURN EQUATION DERIVATION 
In the capillary filling process, the mass flow rate 𝑄 in the nanochannel can be written as: 
𝑄 =
∆𝑃
𝑅
 (A1) 
Here, ∆𝑃 is the capillary pressure applied at the meniscus. 𝑅 is the mass flow resistance 
from the entrance to the meniscus. For a channel with uniform cross section, the capillary 
pressure is a constant along the channel length direction and the mass flow resistance is 
proportional to the length of liquid column. Assuming that 𝑋  represents the meniscus 
position from the entrance, the mass flow resistance can be written as: 
𝑅 = 𝑅𝐺𝑋 (A2) 
The mass flow rate can also be correlated with the moving speed of meniscus: 
𝑄 = 𝜌𝑤ℎ
𝑑𝑋
𝑑𝑡
 (A3) 
Combining equations (A1)–(A3), we have: 
𝜌𝑤ℎ
𝑑𝑋1(𝑡)
𝑑𝑡
=
∆𝑃
𝑅𝐺𝑋1(𝑡)
 (A4) 
After rearrangement and integration: 
𝑋1(𝑡)
2 =
2
𝜌𝑤ℎ
∆𝑃
𝑅𝐺
𝑡 (A5) 
For the capillary filling process in our hybrid channel, the mass flow rate 𝑄  in the 
nanochannel can be written as: 
𝑄 =
∆𝑃
𝑅
=
∆𝑃
𝑅𝑆𝐿𝑠 + 𝑅𝐺𝑋2(𝑡)
 (A6) 
Combining with equation A2, after rearrangement and integration: 
  
95 
𝑋2(𝑡)
2 + 2 ⋅
𝑅𝑆𝐿𝑆
𝑅𝐺
⋅ 𝑋2(𝑡) =
2
𝜌𝑤ℎ
∆𝑃
𝑅𝐺
𝑡 (A7) 
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APPENDIX 2: ACCURACY ANALYSIS OF HYBRID CHANNEL DESIGN FOR 
WATER TRANSPORT MEASUREMENT 
As presented in main manuscript, capillary flow constant A is extracted from first filling 
experiment and used as a known parameter for extraction of 𝛽  from second filling 
experiment. Here we perform the accuracy (error) analysis of our hybrid channel technique 
by calculating the total error in this two-step extraction. 
First, A is determined from a set of (𝑇1𝑖, 𝑋1𝑖), 𝑖 = 1…𝑚, measured in the graphene channel 
when the water is introduced from the graphene channel side (Figure 5.1(a)). The total error 
is minimized using following relations: 
𝜀2 =∑(𝑋1𝑖
2 − 2𝐴𝑇1𝑖)
2
𝑚
𝑖=1
 (A8) 
𝜕𝜀2
𝜕𝐴
= 0 (A9) 
𝐴 =
∑ 𝑋1𝑖
2𝑇1𝑖
𝑚
𝑖=1
2∑ 𝑇1𝑖
2𝑚
𝑖=1
 (A10) 
Similarly, 𝛽 can be found from a set of (𝑇2𝑖, 𝑋2𝑖), 𝑖 = 1…𝑛, measured in the graphene 
channel when the water is introduced from the silica channel side (Figure 5.1(b)): 
𝜀2 =∑(𝑋2𝑖
2 + 2𝐿𝑆𝛽𝑋2𝑖 − 2𝐴𝑇2𝑖)
2
𝑛
𝑖=1
 (A11) 
𝜕𝜀2
𝜕𝛽
= 0 (A12) 
𝛽 =
2𝐴∑ 𝑋2𝑖𝑇2𝑖
𝑛
𝑖=1 −∑ 𝑋2𝑖
3𝑛
𝑖=1
2𝐿𝑆 ∑ 𝑋2𝑖
2𝑛
𝑖=1
 (A13) 
Here we assume that there is no temporal error (𝛿𝜏) for the snapshots taken with high speed 
camera. Thus, 𝛽 is only a function of 𝑋2𝑖 and 𝐴 (𝛽 = 𝑓(𝑋2𝑖, 𝐴)). The total error involved 
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in this two-step extraction, 𝐸𝛽 , is associated with the spatial error (𝐸𝑥 ), and the error 
associated with 𝐴 (𝐸𝐴): 
𝐸𝛽 = √𝐸𝐴
2 + 𝐸𝑥
2 (A14) 
The derivations of 𝐸𝐴 and 𝐸𝑥 are presented here. 
Error associated with 𝑨: 𝐸𝐴 can be written as: 
𝐸𝐴 =
1
𝛽
|
𝜕𝛽
𝜕𝐴
𝛿𝐴| (A15) 
In which both 𝜕𝛽 𝜕𝐴⁄  and 𝛿𝐴 must be determined. 𝛿𝐴 can be expressed as: 
𝛿𝐴 = √∑(
𝜕𝐴
𝜕𝑋1𝑖
𝛿𝑋)
2
+ (
𝜕𝐴
𝜕𝑇1𝑖
𝛿𝑇)
2𝑚
𝑖=1
 (A16) 
Here, 𝛿𝑋 is the spatial resolution (of the microscope) (1µm), and 𝛿𝑇 is the time interval 
between two consecutive frames (2ms). From equation (A10) we can get 
𝜕𝐴
𝜕𝑇1𝑖
=
√2𝐴
𝑇1𝑖
3/2
∑ 𝑇1𝑗
2𝑚
𝑗=1
. Ignoring contribution of the temporal error, 𝛿𝐴 can be written as: 
𝛿𝐴 = √2𝐴⁡𝛿𝑋⁡
√∑ 𝑇1𝑖
3𝑚
𝑖=1
∑ 𝑇1𝑖
2𝑚
𝑖=1
 
(A17) 
The total number of data points is calculated as: 𝑚 = 𝑇𝑚𝑎𝑥 𝛿𝑇⁄ = 𝐿𝐺
2 2𝐴𝛿𝑇⁄ , with 𝐿𝐺  
being length of the graphene channel. Moreover, one can write 𝑇1𝑖 = 𝑖𝛿𝑇, 𝑖 = 1…𝑚. If 
we assume 𝑚 ≫ 1, 𝛿𝐴 can be written as: 
𝛿𝐴 ≅ √2𝐴⁡𝛿𝑋
√1
4𝑚
4√𝛿𝑇
1
3𝑚
3
=
3√2𝐴𝛿𝑇⁡𝐴𝛿𝑋
𝐿𝐺
2  
(A18) 
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As of 𝜕𝛽 𝜕𝐴⁄ , it can be calculated based on equation (A13): 
𝜕𝛽
𝜕𝐴
=
1
𝐿𝑆
∑ 𝑋2𝑖𝑇2𝑖
𝑛
𝑖=1
∑ 𝑋2𝑖
2𝑛
𝑖=1
 (A19) 
Hence, 𝐸𝐴 can be calculated by plugging equation (A17) and (A19) into equation (A15). 
Spatial error (𝐸𝑥): A similar approach is adopted for determining the spatial error. 𝐸𝑥 can 
be written as: 
𝐸𝑥 = √∑(
1
𝛽
|
𝜕𝛽
𝜕𝑋2𝑗
𝛿𝑋2𝑗|)
2𝑛
𝑗=1
 (A20) 
𝜕𝛽 𝜕𝑋2𝑗⁄  can be found from equation (A13): 
𝜕𝛽
𝜕𝑋2𝑗
=
1
2𝐿𝑆
(∑ 𝑋2𝑖
2𝑛
𝑖=1 )(2𝐴𝑇2𝑗 − 3𝑋2𝑗
2) − 2𝑋2𝑗(2𝐴∑ 𝑋2𝑖𝑇2𝑖
𝑛
𝑖=1 −∑ 𝑋2𝑖
3𝑛
𝑖=1
)
(∑ 𝑋2𝑖
2𝑛
𝑖=1
)2
 (A21) 
Given that 𝜕𝑋2𝑗 = 𝛿𝑋, 𝑗 = 1…𝑛, 𝐸𝑥 can be calculated by plugging equation (A21) into 
equation (A20). 
The total error in this two-step method can be calculated by equation (A14) and typical 
results were presented in Figure A.1. The estimation was done in 25-nm-high and 120-nm-
high nanochannels. For each device, while the total length of hybrid channel is fixed, the 
length of graphene channel and silica channel can have many combinations. For example, 
the total length is 300µm. The graphene/silica channel length could be 50 µm/250 µm, 150 
µm/150 µm, 250 µm/50 µm for different channels.  
It is obvious that longer channel can provide more snapshots and can reduce the 
experimental error. Since we always track the meniscus movement in graphene 
nanochannel, experiments from longer graphene channel should have better accuracies 
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(Figure A.1). It is worth noting that the total error is still lower than 10% even in the worst 
scenario (high nanochannel, long silica channel) when 𝛽 > 1. This shows feasibility of our 
hybrid channel scheme and the resistance ratio extracted from this method is trustworthy. 
 
Figure A.1 Estimated experiment error for a) 300µm and b) 500µm long hybrid channels. 
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APPENDIX 3: MODEL AND METHODS OF MOLECULAR DYNAMICS (MD) 
SIMULATION 
We modeled nanoconfined water between graphene and/or silica substrates as shown in 
Figure A2. The channel length along the Y direction is 14.1 nm, and width along the X 
direction is 2.7 nm. Periodic boundary conditions (PBCs) are applied in both X and Y 
directions. The Si, O, C atoms in silica and graphene coatings are fixed in the simulations. 
In order to ensure that the fluid in channel is fully equilibrated, we adjusted the inter-wall 
distance h at 300 K till the wall pressure reaches 1 atm. In our model, there are 1816 water 
molecules within the channel, and the channel height h is ~1.84 nm with minor variations 
for different types of walls under consideration. Here the value of h is measured as the 
distance between surface atoms in the two opposite walls. Two models (case a and b) were 
explored in this study, with asymmetric walls, i.e., silica on one side and monolayer 
graphene (or graphene-coated silica) on the other. 
During the preparation and transfer processes of graphene-coated silica surfaces, defects 
are unavoidable. The silica substrate may be oxidized as exposed to the environment. To 
consider this factor that may modify water transport in the asymmetric graphene 
nanochannel, we construct two additional models (case c and d) with graphene oxidized by 
carboxyl functional groups (Figure A.2). The concentration of -COOH groups under 
consideration are cCOOH = 0.138% and 0.5%. Here cCOOH is defined as the ratio between the 
number of carboxyl groups and the total number of carbon atoms in pristine graphene. 
Our molecular dynamics (MD) simulations are performed by using the large-scale atomic/ 
molecular massively parallel simulation (LAMMPS) (Plimpton 1995). The all-atom 
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optimized potentials for liquid simulations (OPLS-AA) force field is used to construct 
atomic models of graphene and graphene oxide (Shih et al. 2012). We constructed 
carboxyl-functionalized graphene (on both sides of the sheet) with various concentrations. 
The SPC/E model (Falk et al. 2010, Wei et al. 2014) is used for water with the SHAKE 
algorithm, which predicts the density and viscosity of bulk water as 0.9913 kg/L and 0.729 
mPa·s. The van der Waals interaction between water and graphene is described following 
the Lennard-Jones 12-6 form, that is 𝑉 = 4𝜀[(𝜎 𝑟⁄ )12 − (𝜎/𝑟)6] , where 𝑟  is the 
interatomic distance between oxygen and carbon atoms. Parameters 𝜀 = 0.09365 Kcal/mol 
and 𝜎 = 0.3190 nm are chosen, yielding a water contact angle of 95° on graphene (Rafiee 
et al. 2012). The silica surfaces are created by cutting the β-cristobalite by its (111) surface 
that consists of low-density (4.54 -OH/nm2) hydroxyl groups. The CLAYFF force field is 
used for SiO2, with parameters listed in Table A.1 (Ho et al. 2011). This set of parameters 
predicts a water contact angle of 95° (Ho et al. 2011). The Lorentz-Berthelot mixing rules 
are used for the van der Waals interactions between SiO2 and water atoms described in the 
Lennard-Jones 12-6 form. The van der Waals forces are truncated at 1.2 nm and long-range 
Columbic interactions are computed using the particle-particle particle-mesh (PPPM) 
algorithm (Hockney and Eastwood 1988). A time step of 1.0 fs is used to integrate the 
equations of motion. The total time of simulation is a few nanoseconds. Water molecules 
are equilibrated at 300 K using the Berendsen thermostat. 
Using MD simulations, we explored the interfacial friction between the nanoconfined 
water and the channel walls of graphene or silica, which can be related to the interfacial 
slippage for water flow in the channel. The coefficient of liquid-solid friction, 𝜆 , is 
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calculated from the autocorrelation function of interfacial forces in equilibrium molecular 
dynamics (EMD) runs, which can be expressed in terms of the Green-Kubo formulation, 
𝜆 =
1
𝑆𝑘𝐵𝑇
∫ 〈𝐹𝛼(𝑡)𝐹𝛼(𝑡)〉
∞
0
𝑑𝑡 (A22) 
Here 𝐹𝛼(𝑡) is the time-dependent interfacial force along the 𝛼  direction, acting on the 
surface with area S. The value of 𝜆, averaged in the in-plane (x and y) directions, can be 
related to the slip length 𝐿𝑆𝑙𝑖𝑝 through 𝐿𝑆𝑙𝑖𝑝 = 𝜂/𝜆, where 𝜂 is the shear viscosity (Bocquet 
and Barrat 2013, Falk et al. 2010). The value of 𝜂 = 0.729 mPa·s predicted from the SPC/E 
water model at 300 K is used for the evaluation using equation (A22) (González and 
Abascal 2010).  
Atom 𝜎 (Kcal/mol) 𝜀 (Å) Atmoic charge (e) 
Si 0 3.302 2.1 
BO1 (in SiO2) 0.15533 3.166 -1.05 
SO2 (in SiO2) 0.15533 3.166 -0.95 
H (in SiO2) 0 0 0.425 
 
Table A.1 Parameters for the Lennard-Jones parameters of SiO2 
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Figure A.2 Atomic structures of carboxyl-functionalized graphene that is considered in 
our MD simulations. The carbon, oxygen and hydrogen atoms are plotted in blue, red and 
white colors, respectively. 
 
To validate the values of slip lengths calculated using our EMD approach, we conducted 
non-equilibrium MD simulations (NEMD) as well. In the NEMD simulations, flow is 
driven by applying a specific acceleration, from 0.0175 to 0.1225 nm/ps2, to set up the 
steady state of water flow with the peak velocity along the across section profile up to 200 
m/s. It takes a few hundred picoseconds to reach the steady state usually, and we continue 
the simulations for additional 1–3 ns to collect data for analysis. We fit the data in Figure 
A3 using an inverse hyperbolic sine (IHS) relationship between the shear stress 𝜏 = 𝐹/𝐴 
and velocity 𝑣 at the graphene/water interface with area 𝐴, that is 𝜏/𝜏0 = arcsinh⁡(𝑣/𝑣0) 
(Xiong et al. 2011), where 𝐹  is the interfacial force between water and graphene, 𝑣 is 
averaged over the steady state and along the interface directions, 𝜏0  and 𝑣0  are fitted 
parameters. The friction coefficient 𝜆  and slip length 𝐿𝑆𝑙𝑖𝑝  are then evaluated by 𝜆 =
𝜏0/𝑣0, 𝐿𝑆𝑙𝑖𝑝 = 𝜂/𝜆 and compared to the values obtained from EMD simulations (Xiong et 
al. 2011). The results summarized in Table A2 clearly indicate the consistence between 
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EMD and NEMD predictions on the slip lengths. 
 
 Graphene/H2O/SiO2 SiO2/GO/H2O/SiO2 
cCOOH = 0% 
SiO2/GO/H2O/SiO2 
cCOOH = 0.135% 
SiO2/GO/H2O/SiO2 
cCOOH = 0.5% 
LSlip, G (nm) / 
EMD 
90 75.2 10.8 3.3 
LSlip, G (nm) / 
NEMD 
127 ± 12.8 72.1 ± 15.8 8.24 ± 1.1 2.3 ± 0.38 
Table A.2 The slip lengths calculated by EMD and NEMD simulations for cases a, b, c, d 
(Figure 5.12). For NEMD simulations, we include the errors in fitting the shear stress (𝜏)-
velocity (𝑣) relation using 𝜏/𝜏0 = 𝑎𝑟𝑐𝑠𝑖𝑛ℎ⁡(𝑣/𝑣0). 
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Figure A.3 (a)–(d) Velocity profiles measured during the NEMD simulations, where flow 
is driven at different pressure gradients in cases a (Graphene/H2O/SiO2), b (cCOOH = 0%), 
c (cCOOH = 0.135%), d (cCOOH = 0.5%); (e) Interfacial shear stress 𝜏 plotted as a function of 
the slip velocity 𝑣 at water/graphene interfaces. 
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